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Abstract
Supersymmetry is the most promising theory that extends the Standard Model.
Theories with local supersymmetry (supergravity) appear as the low energy
effective physics of string theory. Recently there has been great interest in
finding de Sitter vacua of supergravity and string theory. In this thesis, we
present a new class of de Sitter vacua in N = 1 supergravity, and we focus on
the phenomenological implications of these models.
In the first part of the thesis we introduce supersymmetry and supergravity.
Particular emphasis is put on spontaneous supersymmetry breaking and the
Minimally Supersymmetric Standard Model (MSSM). We introduce a model
based on the gauged shift symmetry of a single chiral multiplet, which can be
identified with the string dilaton or a compactification modulus. The model
allows for a tunably small and positive value of the cosmological constant.
The gravitino mass parameter and the dilaton Vacuum Expectation Value are
seperately tunable.
For certain values of the parameters the vacuum is metastable, and it is shown
that the tunneling rate to the false vacuum exceeds the lifetime of the universe.
Moreover, the scalar potential corresponds with one derived from D-branes in
non-critical strings. Finally, a dual version of this model is presented in terms
of a linear multiplet containing a 2-index antisymmetric tensor.
In a second part we analyze the quantum consistency of these models. Recent
work by Elvang, Freedman and Körs on anomalies in supergravity theories with
Fayet-Iliopoulos terms was extended, such that their results can be interpreted
from a field-theoretic point of view. Next, we show that for certain values
of the parameters the anomaly cancellation conditions are inconsistent with
a TeV gravitino mass. We elaborate on the relations between the Green-
Schwarz counterterms and the gaugino mass parameters, and show how (by an
appropriate Kähler transformation) the resulting contribution to the gaugino
mass can be identified with one-loop gaugino mass parameters that are generated
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by anomaly mediation.
In the third part the above model (in the parameter range which is consistent
with the anomaly cancellation conditions) is used as a hidden sector where
spontaneous supersymmetry breaking occurs. This supersymmetry breaking is
then communicated to the visible sector (MSSM) by gravity effects, and the
resulting soft supersymmetry breaking terms are calculated. In its minimal
version, the model leads to tachyonic scalar soft masses. This problem can
however be circumvented by the introduction of an extra Polónyi-like hidden
sector field, or by allowing for non-canonical kinetic terms for the Standard
Model fields, while maintaining the desirable features of the model. The resulting
low energy spectrum consists of very light neutralinos, charginos and gluinos,
while the squarks remain heavy, with the exception of the stop squark which
can be as light as 2 TeV.
Finally, we discus possibility that the shift symmetry is identified with known
global symmetries of the MSSM. The particular cases where this global symmetry
is Baryon minus Lepton number (B − L), or 3B − L, which contain the known
R-parity or matter parity of the MSSM, are analyzed in great detail. The
latter combination has also the advantage of forbidding all dimension-four and
dimension-five operators violating baryon or lepton number in the MSSM. It is
shown that the phenomenology is similar to the above case where the MSSM
fields are inert, with the exception of the stop squark, which can be as light
as 1.5 TeV. Finally, it is shown that the problem of tachyonic scalar masses
can not be solved by the presence of the (positive) D-term contributions to the
scalar potential, proportional to the charge of the MSSM superfields under the
shift symmetry.
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Chapter 1
Introduction
1.1 Particle physics
What is the smallest thing you can imagine? A grain of salt, a hair, or perhaps
it is an atom? Ever since ancient history human kind has been fascinated
with questions like ”What is matter made of?”, and ”which are nature’s most
fundamental building blocks?”. Everything around you, from the book (or
thesis) in front of you to the chair you are sitting on, is made of tiny atoms
and molecules. These atoms however, consist of even smaller constituents,
called protons, neutrons and electrons. While it is assumed that the electron
is a fundamental particle, protons and neutrons on the other hand consist of
even smaller particles called quarks. As particle physicists it is our goal to
try to understand these most fundamental building blocks of nature and the
interactions that govern them.
One approach is that of the theorist who applies mathematical rigor based on
physical motivations and appropriate questions to establish a theory of nature
at the most fundamental level. On the other hand there is the experimenter,
who puts these theories to the test. The content of this thesis is of the former
approach. Our goal is to establish a mathematically consistent model based on
simple symmetry principles, and to identify possible experimental signatures
that could distinguish it from other models.
1
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1.2 The Standard Model
1.2.1 Its successes. . .
One of the most impressive theories describing the fundamental particles and
their interactions is the Standard Model. The Standard Model unifies three of
the fundamental forces of nature, namely the electromagnetic interaction, the
weak force, which is responsible for the nuclear decay that is for example the
source of energy in a nuclear power plant, and the strong interaction, which
gets its name because it is so strong that it can keep a nucleus consisting of
(neutrons and) positively charged protons together, even though they repel each
other due to the electromagnetic interaction. Perhaps one of the most baffling
accomplishments of the Standard Model is its incredibly accurate predictions
that have been confirmed by numerous experiments. For example, the magnetic
moment (or g-value) of the electron has been confirmed up to 13 significant
digits. Moreover, the Standard Model successfully predicted the existence of
the W and Z bosons, the gluons, which are responsible for the weak and strong
force respectively, and the top and charm quarks as well as the Higgs Boson,
even before these particles were observed. Even their predicted experimental
properties, as for example the masses of the W and Z bosons, were confirmed
with an incredible precision.
1.2.2 . . . and its flaws
Despite its incredible experimental successes, physicists are convinced that the
Standard Model is not the end of the story:
• First, although it neatly describes the electromagnetic, the weak and
the strong interactions, the Standard Model does not describe a fourth
fundamental force of nature, namely gravity. Although gravity is quite
well understood at a long distance scale by Einstein’s theory of General
Relativity, physicists can only guess how gravity ’works’ when look at it
very closely, at the smallest scales. In order words, although physicists can
very well describe ’how fast the apple falls on the floor’ or ’how the speed
and orbit of a planet around the sun are related’, we fail to understand
how gravity is described at the quantum level.
• Second, certain elementary particles, called neutrinos, are massless in
the Standard Model. Since neutrinos interact only very weakly (and
only through the weak force) with other matter and therefore tend to
just fly through most particle detectors without leaving any trace, they
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are extremely difficult to detect and an accurate mass measurement of
these neutrinos has never been accomplished. However, neutrinos come in
three lepton flavors, namely electron neutrinos, muon neutrinos and tau
neutrinos, and it is observed a neutrino can change flavor after traveling
some distance. These ’flavor oscillations’ can be used to calculate the
mass differences between these neutrinos of different lepton flavor. Various
neutrino oscillation experiments have indeed confirmed a very small mass
difference between the three neutrinos, which is inconsistent with the
Standard Model, where all neutrinos are assumed to be massless.
• The particle content of the Standard Model, which in this context often
referred to as baryonic matter (even though the Standard Model technically
does not only contain baryons), makes up only about 5 percent of the
known matter of the universe. The rest is dark matter (about 27 percent)
and dark energy (about 68 percent). Although dark matter can not be
directly seen with telescopes since it does not (or very little) interact with
ordinary matter, its existence can be confirmed from its gravitational
effects on visible matter [1]. While mass of large astronomical objects can
be calculated from visible effects, like stars, dust or gas, their gravitational
interactions suggest that the mass of these objects is much larger. Dark
energy on the other hand, is hypothesized to accommodate for recent
observations that the universe seems to be expanding at an accelerating
rate.
• Perhaps one of the most compelling arguments in favor of the existence of
a theory beyond the standard model, at least from a theoretical point of
view, is the hierarchy problem [2–6]. The hierarchy problem is the large
discrepancy between the weak force and gravity, the former being about
1032 times stronger than gravity. The discovery of the Higgs boson at
CERN in 2012, which led to a Nobel Prize for Francois Englert and Peter
Higgs1, also meant the first experimental confirmation of the existence
of a scalar particle. In the Standard Model, the measured Higgs boson
mass of roughly 125 GeV is the sum of the ’bare’ (classical) mass squared
m20 and its quantum corrections δm2, such that m2measured = m20 + δm2.
Here, the bare mass m0 is an input parameter for the theory which should
be determined by experiment, while its quantum corrections δm2 can
be calculated. The problem however is, that these quantum corrections
turn out to be huge. If one assumes that the Standard Model is a good
theory of nature all the way up to an energy where gravitational effects
become important, say the Planck scale MP ∼ 1018 GeV, this implies that
1Actually, besides Francois Englert another Belgian physicist, namely Robert Brout, made
significant contributions to the Brout-Englert-Higgs mechanism and if he were still alive would
most probably have participated in the Nobel Prize.
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m0 should be chosen to be very big and very precise such that one can
recover the measured value of the Higgs mass of about 125 GeV. This a
naturalness problem, in the sense that it seems unnatural2 that m0 should
be fine-tuned so precisely to result in a low mmeasured, and is regarded as
a clear indication that the Standard Model is not a fundamental theory
of nature.
• If the recent measured values for the top quark mass of the Higgs masses
are naively extrapolated to high scales, without introducing any new
physics beyond the Standard Model, it turns out that the electroweak
vacuum is metastable, or even unstable [7], depending on the result of
future greater accuracy measurements for example for the mass of the
top quark. Even if experimental measurements turn out in favor of a
metastable electroweak vacuum, this could still pose several questions.
For example, if there exists another vacuum and our vacuum is not the
true one, why is the vacuum energy in our vacuum so low? Or perhaps
more importantly, why has not most of the universe already fallen into
this lower energy state due to the large Higgs fluctuations in the early
universe [8]? These questions could be solved by dropping the assumption
that the Standard Model remains valid at high energies, and point in the
direction of the existence of new physics before the Planck scale.
For more information and a more complete list of problems with the Standard
Model, including also for example the strong CP problem and the matter-
antimatter asymmetry, see for example [9].
1.3 Beyond the Standard Model
There are many theories that extend the Standard Model and potentially solve at
least a subset of the problems outlined before. Perhaps one of the most appealing
candidates is supersymmetry. Supersymmetry extends the symmetries of space
and time (the Poincaré algebra) by adding extra transformations that relate the
two kinds of fundamental particles, namely fermions which have a half-integer
spin and bosons which have an integer spin. Such theories typically predict the
existence of supersymmetric particles, or sparticles in short. Each particle in
the Standard Model, would have a supersymmetric counterpart (superpartner)
whose spin differs with 1/2 and whose mass is typically much larger than its
Standard Model counter part. Although supersymmetric particles have yet to
be discovered, certain theories like the Minimally Supersymmetric Standard
2See also section 1.6 on naturalness.
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Model (MSSM) include promising candidates that might be discovered within
the next run of the LHC (Large Hadron Collider, see below) or a future collider.
Before we continue to introduce certain technical aspects involving supersym-
metric theories, let us readdress the problems with the Standard Model outlined
in the previous section in view of supersymmetry3:
• Supersymmetry provides a potential solution to the hierarchy problem.
For every fermion in a supersymmetric theory, there is a corresponding
boson which is related by a supersymmetry transformation. Moreover, the
invariance of the Lagrangian under supersymmetry transformations implies
that for every fermion contribution to δm2, its bosonic superpartner gives
exactly the same quantum correction to the mass of the Higgs boson, but
with an opposite sign, which drastically reduces the value of δm2 and thus
solves the hierarchy problem [11–14]. This cancellation however, is only
exact when supersymmetry is unbroken and the mass of each sparticle
equals that of their Standard Model counter part. Recent experimental
bounds are pushing lower limits on the sparticle masses upward, which
reintroduces the question of naturalness (see below). Although some
new ideas are emerging [15, 16], none of them is yet as compelling as
supersymmetry. For a recent review on naturalness in supersymmetric
theories, see for example [17,18].
• In order to prevent the proton in the theory from decaying, a discrete
symmetry called R-parity is imposed on the MSSM. This R-parity implies
that the Lightest Supersymmetric Particle (LSP) is stable. If additionally
this LSP also interacts very weakly with all the Standard Model particles,
it is a natural dark matter candidate in the form of a WIMP (weakly
interacting massive particle) [19,20].
• Perhaps one of the most convincing arguments in favor of supersymmetry is
the apparent gauge coupling unification at a high energy scale. The gauge
couplings of the three fundamental interactions of the Standard Model
depend on the energy scale that they are probed, and their dependence on
the energy scale can be described by a set of differential equations called
the RGEs (Renormalization Group Equations). When corrections to these
RGEs from the particle content of the MSSM are included, they seem
to intersect quite accurately (within experimental bounds) at a certain
energy scale. This energy scale can then be interpreted as the energy scale
of some Grand Unified Theory (GUT).
3For a recent review and current experimental status of these points, see for example [10].
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• Although other solutions to the electroweak vacuum instability exist (see
for example [21,22] based on dimension 6 operators), supersymmetry also
provides a solution to the stability of the electroweak vacuum [23].
• Supersymmetry appears naturally in superstring theory, which is a possible
candidate for a theory that quantizes gravity.
• According to Coleman-Mandula [24] there are no nontrivial extensions
of the Poincaré algebra, which are the symmetries of spacetime, that
are consistent with a non-vanishing scattering amplitude. However,the
Haag–Lopuszanski–Sohnius theorem [25] provides a loophole in this
argument by allowing graded Lie algebras. In this case, the possible
symmetries of a consistent 4-dimensional quantum field theory do not only
consist of internal symmetries and Poincaré symmetry, but they can also
include supersymmetry as a nontrivial extension of the Poincaré algebra.
It is important to realize that supersymmetry is a mathematical framework,
rather than a theory. A quantum field theory, like the Standard Model, is
often defined by its Lagrangian. In a supersymmetric theory, this Lagrangian
is not only invariant under the symmetries of spacetime and possible internal
symmetries, but also under supersymmetry transformations. Obviously,
there are many different possible supersymmetric Lagrangians, and thus
supersymmetric theories. The simplest such model that is consistent with the
particle content and internal symmetries of the Standard Model is the MSSM.
However, even is we restrict ourselves to the MSSM, the exact properties and
experimental signatures of these supersymmetric theories are very dependent
on the underlying supersymmetry breaking mechanism. Acquiring a better
understanding of supersymmetry breaking mechanisms and the potential
underlying theories is therefore of great importance.
If supersymmetry were realized as an exact symmetry of nature, this would
imply that the masses (as well as the couplings) of all particles would be equal to
that of their superpartners. If this were the case, sparticles would have showed
up in experiments already a long time ago. One is therefore forced to conclude
that supersymmetry can only be realized in nature as a broken symmetry,
i.e. there are terms present in the Lagrangian which violate the invariance under
supersymmetry transformations. From a practical point of view, it can be useful
to simply parametrize our ignorance of any underlying mechanism that breaks
supersymmetry by adding extra terms to MSSM Lagrangian that explicitly
break supersymmetry. The extra terms are called soft supersymmetry breaking
terms, where ’soft’ means these terms are of a positive mass dimension and
therefore it can be argued (see for example [26]) that they maintain a hierarchy
between the electroweak and the Planck scale. This way, there are no large
quantum corrections (δm) to the Higgs mass and the theory to still provides
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a solution to the hierarchy problem, even in the presence of these extra terms
that break supersymmetry.
These soft supersymmetry breaking terms however, are not very appealing
from a theoretical point of view. While in quantum field theories one usually
prefers to write down the most general Lagrangian based on certain symmetry
principles, these terms are not only ’added by hand’, they even violate the
symmetries (supersymmetry) that we started with in the first place. However,
it might be possible that while supersymmetry is an exact symmetry of nature,
it is broken spontaneously. In other words, the Lagrangian of the underlying
model is invariant under supersymmetry transformations, but the vacuum
is not. If one of the scalar fields in the MSSM were to be responsible for
the spontaneous breaking of supersymmetry by acquiring a VEV (Vacuum
Expectation Value), this would additionally break at least one of the Standard
Model gauge symmetries. It is therefore necessary to introduce additional fields
to the model, which are responsible for spontaneous supersymmetry breaking.
These fields are in a so-called ’hidden sector’, since it is assumed that these fields
do not interact (or interact very weakly) with the Standard Model. This leaves
us with the question how supersymmetry is communicated from the hidden
sector to the MSSM.
One such idea4 is to promote supersymmetry to a local (gauge) symmetry.
Theories with local supersymmetry necessarily contain gravity and are therefore
called supergravity theories. The idea is that besides the Standard Model
particles and their superpartners, there also exists a ’hidden sector’ of fields
that does not interact with the Standard Model sector. supersymmetry is
then broken spontaneously in the hidden sector when a (hidden sector) scalar
field acquires a VEV due to a nontrivial scalar potential, similar to the Brout-
Englert-Higgs mechanism, which breaks the Standard Model electroweak gauge
symmetry. Next, gravitational effects are responsible for the communication
of the supersymmetry breaking from the hidden sector to the visible (MSSM)
sector. This can result in the necessary soft supersymmetry breaking terms of
the MSSM, thus providing a framework for a possible origin for these terms.
On the other hand, certain supergravity theories arise as a low energy limit
(where this is where the limit where the string length goes to zero) of string
theory. String theory, although it is still poorly understood, provides a quantum
theory of gravity and is a candidate for a theory that unifies all interactions
in a consistent quantum framework. It is therefore interesting whether such a
4Other ideas include Gauge Mediation [27,28], where supersymmetry is mediated from a
’hidden sector’ to the MSSM by gauge interactions, or dynamical supersymmetry breaking [29]
(or see [30–32] for more recent works) where fermion condensates of a strongly coupled gauge
group are responsible for the breaking of supersymmetry.
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supergravity theory can correspond to a certain string theory at a very high
energy.
We conclude that trying to recover the MSSM from a supergravity theory can
therefore be useful for two reasons: On the one hand, by breaking supersymmetry
spontaneously one can obtain the desirable soft supersymmetry breaking terms,
which in turn provides information on the low energy spectrum of this theory.
On the other hand, if one manages to identify this supergravity theory as the
low energy limit of a certain string theory, this could give some useful insight in
possible UV-completions of this theory.
1.4 de Sitter vacua
In cosmology, the cosmological constant, usually denoted as Λ, is the value of the
energy density of the vacuum in space. In the context of his theory of General
Relativity, the cosmological constant was introduced by Albert Einstein in order
to make to the theory consistent with the world view at that time. Since it was
believed that we live in a static universe, an additional (constant) contribution
Λ was introduced to allow for static solutions of the Einstein equations. This
idea was abandoned however, when Georges Lemaître in 1927 [33] and Edwin
Hubble in 1929 [34] discovered that we live in an expanding universe. Since
the 1990s, more and more experimental evidence confirmed that the universe is
not only expanding, but it appears to be expanding at an accelerating rate5.
This lead to the reintroduction of the cosmological constant. It turns out that
this cosmological constant is very small and positive (Λ ≈ (10−3eV)4), where
a universe with a positive cosmological constant is called a de Sitter (dS)
universe6.
In a quantum field theory without gravity, like the Standard Model, the absolute
value of the minimum of the potential has no significance. A constant term
can be added to the Lagrangian without changing the laws of physics that
it describes. However, this changes drastically when gravity is taken into
account. In a theory containing gravity, like supergravity or string theory, the
value of the minimum of the potential for the scalar fields is a contribution
to the cosmological constant, as it results in a similar constant contribution
to the resulting Einstein equations. It is still one of the biggest challenges of
string theory at this date to accommodate for a positive cosmological constant.
Although interesting progress has been made in the last decade [37–45], the
5For a recent review, see for example [35]. For the latest measurements, see [36].
6A vanishing cosmological constant would correspond to flat space (Minkowski), while a
negative cosmological constant corresponds to an Anti-de Sitter (AdS) universe.
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hunt for de Sitter spaces in string theory remains a challenging topic. At is
therefore interesting to study supergravity theories which allow for a positive
(and small) value of the minimum of the potential.
In this thesis we aim to obtain a supergravity theory with a tunably small and
positive cosmological constant based on a minimal particle content and simple
symmetry principles. We then relate such a theory to a string theory result
that was obtained in the literature, and we continue to calculate the MSSM
soft supersymmetry breaking terms and low energy spectrum that allows us to
distinguish such a model from other models. In doing so, we find that anomaly
cancellation conditions, which will be introduced in the next section, impose
very stringent constraints on the consistency of such a theory.
1.5 Quantum anomalies
A quantum field theory, as was already mentioned above, is defined by its
Lagrangian. Such a Lagrangian is usually constructed from symmetry principles:
The Lagrangian, or rather its spacetime integral called the action, should be
invariant under the symmetry transformations. Sometimes however, it can
occur that although the classical action is invariant under a symmetry, this
symmetry is violated when quantum corrections are included. In this case the
symmetry is said to be anomalous.
An anomalous global symmetry of the Lagrangian usually does not pose a
problem. It merely indicates that the classical selection rules related to this
symmetry are not obeyed in the quantum theory. If these symmetries are local
(gauge) symmetries on the other hand, this would be disastrous since the gauge
symmetry is required in order to cancel the unphysical degrees of freedom with
a negative norm. In this case, the theory is said to be anomalous and is, in
principle, useless. It is therefore of tremendous importance to check that a
theory is anomaly-free. Typically, the anomalous contributions from various
fermion triangle diagrams corresponding to all fermions in the theory can cancel
each other, provided that the anomaly cancellation conditions are satisfied.
Or, occasionally, counterterms can be introduced in order to cancel certain
anomalies.
1.6 Naturalness
A good theory should provide a natural explanation for the experimental data.
What is exactly meant with ’naturalness’ is something many physicists disagree
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about. However, in particle physics one could define naturalness as the property
that the physical constants and parameters in the theory should not differ by
too many orders of magnitude. One example of a so-called naturalness problem
is the gauge hierarchy problem, which concerns the question why the weak scale
(mweak ∼ 0.1−1 TeV) is so far below the (reduced) Planck scale mp ≈ 2.4×1015
TeV. Answering this question has been one of the guiding principles motivating
proposals for new particles and interactions during the last decades.
The Higgs hierarchy problem, which as already introduced above, is that the
quantum corrections to the Higgs mass (δm2) are quadratically sensitive to the
scale of new physics. This scale can be the mass of a new (and yet undiscovered)
particle, the UV cut-off scale after integrating out any new physics, or even
the Planck scale if gravity is included in a quantum theory. The latter gives
an alternative facet of the question why gravity is so weak compared to other
forces.
Another example of a naturalness problem involves the cosmological constant.
It will be explained later in more detail how the cosmological constant in related
to the vacuum energy in the theory. Although particle physicists do not know
how to calculate the vacuum energy density ρvac exactly, theory allows one to
estimate its value. Depending on how this estimate is made7, its value differs
between 40 to 120 orders of magnitude with its measured value. This discrepancy
is sometimes called ’The worst prediction in the history of physics’ [47]. The
cosmological constant problem can then be stated as follows: There are several
independent contributions to the vacuum energy density (for example from
the potential energy of each field in the theory, or from a bare cosmological
constant in the Lagrangian). Each of these contributions are estimated to be
much larger than the observed value of the cosmological constant, and yet they
combine to result in an uncanny small (measured) value. This is widely seen as
an indication that some unknown physics plays a decisive role.
The strong CP problem (CP standing for charge parity) is an example of a
fine-tuning problem in physics. This problem has its origin in the fact that the
symmetries of the Lagrangian describing the strong interactions a priori allow
for a term that violates CP. However, since there is no experimentally known
CP violation in the strong interactions, this term should be severely supressed
(or even vanish). The strong CP problem then questions why this CP-violating
term vanishes (or is so small), while from a theoretical point of view there is no
reason why this term should be absent.
It was already mentioned above that supersymmetry provides a solution
to the Higgs hierarchy problem. Since bosons and fermions are related by
7For a more precise statement of the cosmological constant problem and on how this
estimate is made, the reader is refered to the literature. See for example [46].
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supersymmetry transformations in the Lagrangian, their quantum corrections
to the Higgs mass cancel out, which would in principle solve the Higgs hierarchy
problem. However, since the superpartners should be much heavier than their
Standard Model counterparts to escape experimental bounds, supersymmetry
must be a broken symmetry of nature (if it is a symmetry of nature at all).
This reintroduces corrections to the Higgs mass that depend on the sparticle
masses. If these masses are too large, this results in a new fine-tuning problem,
which questions the theoretical motivatons behind supersymmetry as a solution
to the hierarchy problem. While the current experiments are pushing the lower
bounds of the sparticle masses upwards, this is indeed a problem that should
be addressed.
Although numerous different definitions of naturalness exist in this context,
it is commonly agreed that sparticle masses around the TeV-scale can still be
considered as ’natural’. A particular idea is that of ’split supersymmetry’ [48].
In a split supersymmetry scenario, certain superpartners (the gauginos and
higgsinos) are relatively light, while for example the squarks and gravitino are
allowed to be heavier (∼ 10 TeV). Although by most definitions of ’naturalness’,
such a scenario is considered to be ’more natural’, split supersymmetry is not
considered to be a solution to the Higgs hierarchy problem.
Supersymmetry, in particular supergravity, also has an impact on the
cosmological constant problem. It was already explained above, and it will be
quantified in later chapters, that the value at the minimum of the potential
governing the scalar fields in the theory can be interpreted as the cosmological
constant. The cosmological constant problem can in this case be interpreted as
the question why the value of the minimum of the potential is so incredibly small.
The scalar potential in supergravity has two contributions: A so-called F-term
contribution which can be negative due to the presence of a contribution coming
from the elimination of a gravity auxiliary field, and a D-term contribution which
is positive (nonnegative). A very small (and positive) cosmological constant can
then be obtained by a nearly exact cancellation between the F-term and the
D-term contributions of the scalar potential. This results in a scenario where
supersymmetry is broken exactly in the right way, such that the F-term and
the D-term contributions cancel to a incredible accuracy. However, this comes
at the cost of a new and unexplained fine-tuning.
The fine-tuning problem of the cosmological constant has then been reduced
to a new fine-tuning problem: What is the mechanism behind this miraculous
cancellation between the F-terms and the D-terms?
The approach in this thesis is indeed of the former, where the minimum of
the potential is tuned by a cancellation between an F-term contribution and a
D-term contribution to the scalar potential. The resulting sparticle spectrum
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will turn out to be similar to the spectrum of split supersymmetry.
Another approach has its origin in the fact that there are an extraordinary
large amount of different vacua in string theory. In each of these vacua, the
low energy physics (and in particular the cosmological constant) is different.
Finding realistic vacua in the string theory landscape that correspond to the
laws of physics as we known them is a very contemporary problem. Under
the assumption that there exists at least one particular of those vacua, one
could explain the smallness of the cosmological constant through an anthropic
principle (which is liked as much as disliked among physicists) [49].
1.7 Experiments
Although this work is of a theoretical nature, most of it was carried out at
CERN, the European Council for Nuclear Research near Geneva, Switzerland,
which is one of the biggest particle physics laboratories in the world. CERN
hosts the Large Hadron Collider, which is undeniably one of the most impressive
machines that was ever made: The LHC is constructed in a circular tunnel with
a circumference of 27 km and about 100 m below the ground on the border
between France and Switzerland. Its goal is to accelerate protons to nearly the
speed of light in two separate tubes, in opposite directions in this tunnel. When
the two beams of protons reach an energy of about 7 TeV each, they are collided
inside four particle detectors. It is then possible to look for possible signatures
in the particle detectors that could indicate the existence of any new physics
beyond the known Standard Model, say, perhaps a supersymmetric particle..
1.8 Overview of the thesis
1.8.1 Personal research work
Our first goal is to obtain a supergravity model with an infinitesimally small,
but positive, value of the minimum of the scalar potential. It was argued above
that in the presence of gravity this can be interpreted as the cosmological
constant, which is indeed small and positive. After such a model is obtained
based on simple symmetry principles and a minimal particle content, our next
goal is two-fold: On the one hand we aim to find possible UV completions
from which this model can be obtained. In particular, we explain how such
a potential can arise in the context of string theory. On the other hand, this
model is used as a hidden sector responsible for supersymmetry breaking, which
OVERVIEW OF THE THESIS 13
is then communicated to the visible sector (MSSM) through gravity effects. We
calculate the resulting soft supersymmetry breaking terms and the resulting
low energy phenomenology and particle spectrum. In particular, we explain
how this model distinguishes itself from other scenarios. Finally, we show how
global symmetries of the MSSM can be identified with a gauge symmetry in our
model and we work out the corresponding implications on the phenomenology
of this model.
Our main result includes a model in work with I. Antoniadis [50], which was
originally proposed in [51,52], based on a single chiral multiplet S with a gauged
shift symmetry. The Lagrangian of a supergravity theory is determined by
three functions, namely a Kähler potential, a superpotential and gauge kinetic
functions. The shift symmetry of the dilaton implies that the Kähler potential
of the theory should be a function of the real part of S, which is taken to be
a logarithm, where in the context of string theory S can then be identified
with the heterotic string dilaton or a compactification modulus. The most
general superpotential consistent with the shift symmetry is an exponential of
S, and the gauge kinetic function can be at most linear in S. In the case of an
exponential superpotential, the shift symmetry becomes a gauged R-symmetry
which results in a (positive) D-term contribution to the scalar potential. This
way, the F-term contribution to the scalar potential (which can be negative
because of a contribution from a gravity auxiliary field) can be fine-tuned with
respect to the positive D-term contribution in order to allow for a very small
and positive value of the minimum of the potential. The resulting model allows
for a tunable small (and positive) cosmological constant, while keeping the
gravitino mass parameter and thus the supersymmetry breaking scale as an
independent parameter.
The resulting model consists of one complex scalar field whose imaginary part
becomes the longitudinal component of the U(1) gauge boson, which in turn
becomes massive due to a Stückelberg mechanism, a gravitino which becomes
massive due to a super-Brout-Englert-Higgs mechanism by eating the Goldstino,
which in turn is a linear combination of the chiral fermion (the superpartner
of the complex scalar s) and the R-gaugino (the superpartner of the U(1)
gauge boson), and one physical fermion which is orthogonal to the Goldstino.
It is however known that for theories with a shift symmetry there exists an
alternative formulation in terms of a 2-index antisymmetric tensor which is dual
to ImS (under Poincaré duality of its field strength). In this work we provide a
dual formulation of the model introduced above, which is to our knowledge the
first dual formulation of a model with a field dependent superpotential. The
importance of this result lies in the fact that the 2-form field appears naturally
in the string basis. Another interesting question is whether this model can
be obtained in the context of string theory. Indeed, it turns out [50] that the
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scalar potential can be identified with the one in [53] derived from D-branes in
non-critical strings.
It is important to check whether the new gauge symmetry that was introduced,
namely the gauged shift symmetry (which is an R-symmetry when the
superpotential is an exponential of S), is not violated at the quantum level.
The work by Elvang, Körs and Freedman [54, 55], on quantum anomalies in
supergravity theories with gauged R-symmetries, was extended, in work with
I. Antoniadis and D. Ghilencea [56], and their final result can be interpreted
in from a field-theoretic point of view. We show how in the above model, the
cubic anomalies, corresponding to the gauged shift symmetry, generated by the
corresponding triangle diagrams are canceled by a Green-Schwarz mechanism.
It turns out that the requirement of gravitino mass to be in the TeV range,
in combination with the anomaly cancellation conditions, severely restricts
the allowed parameter range. There exist certain choices for the parameters
however, for which the model is consistent and can be successfully used as a
hidden sector supersymmetry breaking sector coupled to the MSSM.
The anomaly-consistent model was analyzed in full detail in work with
I. Antoniadis [57]. Here, it was shown that when this model is coupled to the
MSSM, these fields suffer from a negative scalar mass squared. This problem
can however be avoided by introducing a non-canonical Kähler potential for the
Standard Model fields, or by including an extra Polónyi-like field. The model is
then coupled to the MSSM, leading to calculable soft supersymmetry masses
and a distinct low energy phenomenology that allows to differentiate it from
other models of supersymmetry breaking.
Finally, in work with I. Antoniadis [58], the gauged shift symmetry is identified
with a global symmetry of the Standard Model (or rather, the MSSM)
and the corresponding phenomenology is worked out in full detail. One
particularly interesting possibility is to identify the gauged shift symmetry with
a combination of baryon and lepton number that contains the known matter
parity (or R-parity) of the MSSM, and guarantees the absence of dimension-four
and five operators that violate baryon and lepton number, implying proton
stability and smallness of neutrino masses at phenomenologically acceptable
levels.
1.8.2 Overview of the following chapters
In chapter 2 we introduce supersymmetry along with the necessary conventions
and notation which will thoroughly be used in the following chapters. In
particular, we will focus on the necessary ingredients to build a supersymmetric
theory: The particle content in the form of supermultiplets on the one hand,
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and the Kähler potential, the superpotential and gauge kinetic functions which
define the supersymmetric Lagrangian on the other hand. Next, we introduce
the MSSM. We focus on its particle content, its superpotential and the soft
supersymmetry breaking terms. We close this chapter by introducing R-parity,
which in the MSSM is sufficient to guarantee the stability of the proton. We
show its relation with the global symmetry B−L (baryon minus lepton number)
of the MSSM and show how certain (baryon and lepton number violating)
dimension 5 operators are still allowed.
In chapter 3 we introduce supergravity theories, which are theories with local
supersymmetry. We readdress the Kähler potential, the superpotential and
gauge kinetic functions in this context, and we introduce the scalar potential.
We comment on the importance of R-symmetries and Kähler transformations in
supergravity theories. Next, we discuss spontaneous supersymmetry breaking,
where we focus on the super-Brout-Englert-Higgs mechanism. We elaborate
on hidden sector models where supersymmetry is mediated to the visible
sector (MSSM) due to gravity effects and we relate this discussion to the soft
supersymmetry breaking terms of the MSSM.
The presentation of our own work starts in chapter 4, where a model based
on a gauged shift symmetry is introduced. We discuss in full detail for which
values of the parameters a (meta)stable de Sitter vacuum exists and how these
parameters can be tuned to obtain a small but positive cosmological constant.
For particular values of the parameters, the scalar potential can be obtained
in the context of string theory. Finally, we provide a dual description of this
model in terms of a linear multiplet. This is the first time a such a duality has
been performed in the presence of a nontrivial superpotential. This chapter is
mainly based on work with I. Antoniadis [50].
In chapter 5, we briefly review the work of Elvang, Körs and Freedman [54,55]
on anomalies in supergravity theories with Fayet-Iliopoulos terms. In our
results, based on work with I. Antoniadis and D. Ghilencea [56], their anomaly
cancellation conditions are rewritten in a form that is more intuitive from a
“naive“ field theory point of view. These results are then applied to the above
model. It turns out that the anomaly cancellation conditions force the gravitino
mass parameter to exceed the Planck scale for a certain value of the parameters
in the model. Finally, We introduce the necessary notation concerning Green-
Schwarz counterterms and how the gaugino mass parameters can be generated
at one loop, either due to the Green-Schwarz counterterms, or due to an effect
called ’anomaly mediation’.
In chapter 6, we calculate the soft supersymmetry breaking terms for the
parameters where this model is anomaly-free. It is shown that in the minimal
case the model suffers from negative soft scalar masses squared. These can
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however be cured by introducing another (Polónyi-like) field or by allowing non-
canonical kinetic terms for the MSSM superfields, while the desirable properties
of the model such as a tunably small and positive cosmological constant and a
TeV gravitino mass remain intact. We discuss the low energy particle spectrum
of this model and show how it can be distinguished from other minimal scenarios.
In chapter 7, we demonstrate how the shift symmetry of the model can be
identified with a known global symmetry of the MSSM. We work out the
particularly interesting case where this symmetry is a combination of baryon
and lepton number, since in this case it reduces to the known matter parity (or
R-parity) of the MSSM. Following, the phenomenology of this model is worked
out in full detail, and it is compared with the case of the previous chapter
where the Standard Model fields are inert under the shift symmetry. Finally,
we demonstrate how a third possibility to avoid the tachyonic masses based on
a D-term contribution proportional to the charge of the MSSM fields under the
shift symmetry does not lead to a viable electroweak vacuum.
Our conclusions are listed in chapter 8.
The masses of the hidden sector scalars, fermions and gauge field are calculated
in Appendix A. In Appendix B we present the full details of the calculation
involving the linear-chiral duality in section 4.3.3. In Appendix C we present
the anomaly cancellation conditions for models with a gauged R-symmetry from
a field-theoretic point of view. Finally, in Appendix D we comment on the
certain values of the parameters that were ignored in the rest of the work.
Chapter 2
Supersymmetry
In this chapter we introduce supersymmetry. Supersymmetry is, as was already
explained in the introduction, perhaps one of the most promising theories
that extends the Standard Model. From a technical point of view it provides
the only ’loophole’ in the Coleman-Mandula theorem [24], which under very
reasonable assumptions prohibits the symmetries of spacetime (the Poincaré
algebra) and internal symmetries from being extended in a nontrivial way. The
Haag-Lopuszanski-Sohnius theorem [25] evades this problem by allowing for
so-called graded Lie algebras. Indeed, they demonstrate that supersymmetry
allows the symmetries of spacetime and internal symmetries to be combined
consistently1: The Poincaré algebra is extended with supersymmetry generators
Qα, which obey the (anti-)commutation relations{
Qα, Q
β
}
= −12 (γµ)
β
α P
µ,
[Mµν , Qα] = −12 (γµν)
β
α Qβ ,
[Pµ, Qα] = 0. (2.1)
Here (and below), Greek indices in the middle of the alphabet (µ, ν) indicate
spacetime indices, where the metric is assumed to be ’mostly plus’, i.e. ηµν =
diag(− + ++), and we assume four spacetime dimensions. Greek indices in
the beginning of the alphabet (α, β) are two-index spinor indices which will be
1In fact, for theories including only massless fields, the Coleman-Mandula theorem allows
for an extension involving the conformal group, and the Haag-Lopuszanski-Sohnius theorem
allows the superconformal group.
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dropped whenever possible2, Pµ is the generator for spacetime translations, and
Mµν is the generator for Lorentz transformations. The squared brackets stand
for commutation relations, while curly brackets stand for anti-commutators. The
γ−matrices are defined in [59]. Although, several copies of the supersymmetry
generators (extended supersymmetry) are allowed, i.e. Qiα, i = 1 . . .N , we
limit ourselves for phenomenological reasons to so-called simple supersymmetry
where there is only one copy of the supersymmetry generators (N = 1).
Although supersymmetry is a very interesting and technical subject, we will
introduce merely its aspects that will turn out important for our work. For a
more detailed introduction to supersymmetry, the reader is referred to standard
textbooks, such as [59] whose notation will be used throughout this thesis.
In section 2.1 we introduce our notation and the basic ingredients that are
needed to construct a supersymmetric theory. In particular, we introduce the
various multiplets and discuss how a supersymmetric Lagrangian is constructed
by specifying a Kähler potential, a superpotential and gauge kinetic functions.
In section 2.2 we introduce the MSSM, with in particular its particle content
and the soft supersymmetry breaking terms that parametrize the breaking of
supersymmetry. We introduce global R-symmetries in supersymmetric theories,
and a discrete R-parity that is usually imposed on the MSSM to ensure proton
stability. It is shown how R-parity can be reformulated in terms of another
discrete symmetry called matter parity, and how it is related to certain global
symmetries of the MSSM, such as Baryon minus Lepton number (B − L).
2.1 The basic ingredients of a N = 1 supersymmet-
ric theory
2.1.1 Multiplets
Before we can present the basic ingredients of a supersymmetric theory, we
first specify its particle content. Since supersymmetry relates bosons and
fermions, they appear together in so-called supermultiplets3. A supermultiplet
2Below, Greek indices α, β will instead label the various chiral supermultiplets in a theory,
see section 2.1.
3In the literature, a superfield method is very often used to combine bosons and fermions in
a single superfield by the use of anti-commuting Grassmann variables. Since some concepts, as
for example R-symmetry can be interpreted more conveniently in this formalism, a superfield
method will be used in certain appendices. We will however postpone the necessary notation
involving the superfield method to appendices and refer the reader to standard textbooks, as
for example [60].
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is a set of boson and fermion fields which transform among themselves under
supersymmetry transformations. In this thesis however, we will not introduce
the supersymmetry transformations, and we merely list the various multiplets.
For the SUSY variations and an introduction to supermultiplets the reader is
referred to standard textbooks, such as [59].
A chiral multiplet consists of a complex scalar Z(x), a Majorana spinor χ(x) and
a complex scalar auxiliary field F (x). The complex scalar field F is auxiliary in
the sense that the Lagrangian does not contain any kinetic terms for F such
that it can therefore be eliminated by its equations of motion. The field F does
not correspond to a physical field. Its elimination by its equations of motion
results in a potential for the physical scalars in the theory, called the scalar
potential, which will be very relevant in later chapters. The complex conjugate
of a chiral multiplet is an anti-chiral multiplet. We will denote a (anti-)chiral
multiplet as
Chiral multiplet: (Z, χ, F ) ,
Anti-chiral multiplet:
(
Z¯, χ¯, F¯
)
. (2.2)
A gauge (or vector) multiplet consists of a spin-1 gauge boson Aµ(x), a spin-
1/2 fermion, called a gaugino, described by a Majorana spinor λ(x) (or the
corresponding Weyl field PLλ), and a real scalar auxiliary field D(x). As above,
the kinetic terms of the auxiliary field D are absent in the Lagrangian and it can
be eliminated by its equations of motion, which results in another contribution
to the scalar potential. A gauge multiplet is denoted as
Gauge multiplet: (Aµ, λ,D) . (2.3)
A third (and lesser known) multiplet is a linear multiplet. These are usually
omitted in the literature since due to a linear-chiral duality (see section 4.3.3)
a theory containing a linear multiplet can be rewritten in terms of a chiral
multiplet. A linear multiplet consists of a real scalar field l(x), a Majorana
fermion χ(x) and divergenceless4 field strength vµ(x), satisfying
∂µvµ = 0. (2.4)
4In a superspace formalism, in the conventions of [60], a linear multiplet can be obtained
by imposing the constraints
D2L = D¯2L = 0,
on a general superfield, where D¯2 and D2 are the chiral and anti-chiral projection operators.
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It follows that vµ can be rewritten in terms of an antisymmetric tensor bµν by
a Poincaré duality
vµ = 1√
6
µνρσ∂νbρσ, (2.5)
which has a gauge symmetry
bµν −→ bµν + ∂µbν − ∂νbµ. (2.6)
A linear multiplet is denoted as
Linear multiplet: (l, χ, vµ) , with ∂µvµ = 0. (2.7)
2.1.2 How to construct a supersymmetric Lagrangian
For a certain set of chiral multiplets (labeled by a Greek index α, β, . . . ), and
their respective gauge transformations with the corresponding gauge multiplets
(labeled by capital Roman indices A,B, . . . ), a supersymmetric Lagrangian can
be constructed in terms of the following functions of the scalar component fields
of the chiral multiplets:
• A Kähler potential K(Z, Z¯), which is a gauge invariant function of the
scalar components of the chiral multiplets and their conjugates, gives rise
to the kinetic terms for the components of the chiral multiplets.
• A gauge invariant superpotential W (Z), which is a holomorphic function
of the scalars and therefore only depends on Z, and not on Z¯. The
superpotential contributes to the various interaction terms as well as the
scalar potential.
• Gauge kinetic functions fAB(Z), whose (among other contributions) real
component RefAB multiplies the kinetic terms of the gauge bosons, the
gauginos and the D-auxiliary fields.
The Lagrangian is given by
L = Lkin,chir + Lkin,gauge + Lpot,chir, (2.8)
where Lkin,chir and Lkin,gauge include the kinetic terms for the component fields
of the chiral multiplets and the gauge multiplets respectively, and Lpot,chir
includes the interaction terms. For the full Lagrangian, together with the
relevant conventions and notation, the reader is referred to the literature (see
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for example eq. (14.57) in [59]). Below, we focus only on the resulting scalar
potential.
As was already anticipated in the previous section, the auxiliary fields Fα
and DA in the supersymmetric Lagrangian (2.8) do not appear with kinetic
terms and can therefore be eliminated by their equations of motion. After the
elimination of the auxiliary fields, one obtains (among other terms) a potential
for the scalar fields in the theory. The scalar potential is given by
V = gαβ¯WαW¯β¯ +
1
2(Ref)
−1 ABPAPB , (2.9)
where Wα is short for ∂W∂Zα and the Kähler metric is given by
gαβ¯ = ∂α∂β¯K(Z, Z¯). (2.10)
The moment maps are
PA = ikαAKα + pA, (2.11)
where kαA are the Killing vectors, which appear in the gauge transformations
(with gauge parameters θA) of the scalar fields
δZα = θAkαA(Z), (2.12)
and the pA are the so-called Fayet-Iliopoulos (FI) constants [61]. These constants
turn out very useful to break supersymmetry and have their origin from the
fact that the integral SFI = −
∫
d4x pAD
A is invariant under supersymmetry
transformations as well as gauge transformations, provided that the gauge
symmetry A is abelian, and can therefore be freely added to the theory for any
constant pA. This is however in contrast with theories with local symmetry in
the next chapter, where the value of the Fayet-Iliopoulos constant parameter is
severely constrained.
Notice that the scalar potential (2.9) satisfies V ≥ 0. An important question
arises whether the symmetries of the action are broken in the vacuum. If the
broken symmetry is a global symmetry, then according to the Goldstone theorem
the theory contains a massless scalar particle. In case the broken symmetry is a
gauge symmetry, the Goldstone boson will disappear from the spectrum, and,
by the Higgs mechanism, a spin-1 gauge boson becomes massive.
If supersymmetry would be a symmetry of nature, it can only appear as a
broken symmetry (see next section). Although we will not present a proof in
this work, it can be shown that supersymmetry is broken if and only if the
minimum of the potential is non-zero, Vmin > 0 [62]. In this case, there is a
massless fermion called a Goldstino in the spectrum.
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In the next chapter, we show that in a theory with local supersymmetry there
is an additional negative F-term contribution to the scalar potential which has
its origin from a gravity auxiliary field. This way, the scalar potential can have
negative values. Moreover, this allows one to construct theories with a vanishing
minimum of the scalar potential, while supersymmetry is spontaneously broken
even though the vacuum energy vanishes. Since supersymmetry is a local
symmetry, the massless Goldstino disappears from the spectrum by the super-
Brout-Englert-Higgs mechanism, and the spin-3/2 gravitino becomes massive
(see section 3.2.1).
2.2 MSSM
Supersymmetry provides a mathematical framework to construct theories
that have desirable properties, as for example solving the hierarchy problem
or including a dark matter candidate in the sparticle spectrum. The
supersymmetric theory with the minimal particle content that includes the
Standard Model is the MSSM [63, 64]5. In this section we review the basic
structure of the MSSM, its particle content and the superpotential. Following,
we introduce R-symmetries, which are internal symmetries that do not commute
with supersymmetry. Finally, we discuss a discrete symmetry called R-parity,
which is usually imposed on the MSSM to exclude terms in the Lagrangian
that may lead to proton decay. We show how one can equivalently impose
matter parity to prohibit the same terms from the Lagrangian, and we discuss
its relation with known global symmetries of the MSSM.
2.2.1 Structure of the MSSM
The MSSM is the minimal supersymmetric model that includes the Standard
Model. An obvious question arises to identify the supermultiplets in which
these Standard Model fields reside. Since all components of a supermultiplet
carry the same quantum numbers, the Standard Model fermions can not reside
in the same multiplet with any of the Standard Model gauge bosons. Instead,
the Standard Model fermions are the fermionic components of a chiral multiplet,
together with their scalar superpartners, called sfermions6, which have the same
quantum numbers corresponding to the Standard Model gauge groups. The
Standard Model gauge bosons on the other hand are the spin-1 components in a
5For more recent reviews, see for example [65, 66].
6For example, the superpartner of the electron is a selectron and the superpartner of a top
quark is called a stop squark.
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gauge multiplet. Their fermionic superpartners are called gauginos7. However,
in contrast with the Standard Model which contains a single Higgs doublet, the
MSSM contains two Higgs chiral supermultiplets8 called Hu and Hd.
The chiral multiplets together with their Standard Model quantum numbers are
summarized in table 2.1. Here, Q stands for the SU(2)L-doublet chiral multiplet
containing the left-handed up quark (or since family indices are suppressed in
Qi, u¯i, d¯i, e¯i, Li, it could represent the multiplet containing the charm or the
top quark), u¯ (d¯) stands for the SU(2)L-singlet chiral multiplet containing u†R
(d†R). L are the lepton doublets and e¯ are the antilepton singlets.
Q u¯ d¯ L e¯ Hu Hd
U(1)Y 1/6 -2/3 1/3 -1/2 1 1/2 -1/2
SU(2) 2 1 1 2 1 2 2
SU(3) 3 3¯ 3¯ 1 1 1 1
Table 2.1: The MSSM particle content and their representations in the Standard
Model gauge groups. The bar on u¯, d¯, e¯ is part of the name and does not represent
any sort of complex conjugation. Family indices i are surpressed.
It is important to note that the above superpartners are not necessarily the
mass eigenstates of the theory. For example, there is a mixing between the
electroweak gauginos and the Higgsinos when electroweak symmetry breaking
(and supersymmetry breaking) effects are included. Similarly, mass mixing can
occur between squarks, sleptons and Higgs scalars that carry the same electric
charge. Such masses and mixing of the superpartners contain very valuable
information for the experimentalists. We will however not discuss this here, and
refer to standard textbooks [26,67] instead.
The Kähler potential is assumed to be canonical, i.e. for the MSSM chiral
superfields ϕα, one has K(ϕ, ϕ¯) =
∑
α ϕαϕ¯α. The MSSM superpotential is
given by
WMSSM = yiju u¯iQj ·Hu − yijd d¯iQj ·Hd − yije e¯iLj ·Hd + µHu ·Hd, (2.13)
where the family indices i, j are explicitly written and all gauge indices are
surpressed. The Yukawa matrices yu, yd and ye are 3 × 3 matrices in family
space. The last term in eq. (2.13) is traditionally called the µ-term and should
be read out as µ(Hu)α(Hd)βαβ , where αβ is a two-index antisymmetric tensor
used to tie together SU(2)L isospin indices. Likewise, the first term is short for
7In particular, the fermionic superpartners of the Standard Model gauge bosons are called
photino, bino, wino and gluiono.
8A single chiral multiplet containing the Higgs boson would lead to quantum anomalies.
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u¯ia(yu) ji Qjαa(Hu)βαβ (and similarly for the second and third term), where a
is the color index.
The gauge kinetic functions are assumed to be constant and inversely
proportional to the square of their respective gauge couplings, fA = 1/g2A.
With the particle content of the MSSM in table 2.1, together with the Kähler
potential, the superpotential and gauge kinetic functions above, one can in
principle now write down the MSSM Lagrangian LSUSY. However, as we are
not concerned with the exact form of LSUSY in this thesis, the reader is referred
to standard textbooks such as [26] or [67] for a more complete treatment of the
MSSM Lagrangian.
2.2.2 Supersymmetry breaking in the MSSM
In the previous section we introduced the particle content of the MSSM. It was
already mentioned that the various components fields of a supermultiplet share
the same representations of the (Standard Model) gauge groups. Moreover, the
invariance of the Lagrangian LSUSY under supersymmetry transformations also
implies that the different components of a multiplet have the same mass. If
this were the case, this would imply that for example the selectron, the scalar
superpartner of the electron has a mass of about 0.511 MeV (of course, similar
statements are true for the squarks, gluinos, photinos, . . . ). Such a scalar
particle is very easy to detect, and should have shown up in collider experiments
if it existed. Since no superpartners were found yet, one can conclude that if
supersymmetry is a symmetry is nature, it has to be a broken symmetry.
In practice, one usually ’manually’ adds soft supersymmetry breaking terms [68]
to the supersymmetric MSSM Lagrangian. The effective Lagrangian of the
MSSM is given by
L = LSUSY + Lsoft. (2.14)
Here, LSUSY is the Lagrangian of the MSSM defined above, which is invariant
under supersymmetry transformations. The possible soft supersymmetry
breaking interactions are9
Lsoft =−
(
1
2MAλ
AλA + 16a
ijkφiφjφk +
1
2b
ijφiφj
)
+ c.c.
− (m2)ijφj†φi, (2.15)
9Tadpole contributions tiφi to the soft supersymmetry breaking Lagrangian are not
included in eq. (2.15) since they require the existence of a gauge singlet in the MSSM.
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where MA are the mass parameters for the gauginos λA for each gauge group.
The scalar fields of the MSSM are labeled by i, j, k, aijk are the trilinear
couplings, bij is the ’Bµ-term’ and (m2)ij are the scalar soft masses squared.
The terms in Lsoft are soft in the sense that they have a positive mass dimension
and their presence does not spoil supersymmetry as a potential solution to the
hierarchy problem.
Without further justification, the addition of the soft supersymmetry breaking
terms to the Lagrangian might seem anything but elegant and a rather arbitrary
requirement. However, as was already mentioned before, supersymmetry can be
spontaneously broken if one of the scalar fields acquires a VEV in an appropriate
scalar potential. While supersymmetry is spontaneously broken it can be shown
that, given an appropriate scalar potential, the soft supersymmetry breaking
terms (2.15) appear after the scalar fields responsible for supersymmetry
breaking are replaced with their VEVs. This scalar field can however not
be the superpartner of one of the Standard Model fermions, since this would
additionally break some of the Standard Model gauge symmetries. It is therefore
required to introduce an additional ’hidden sector’ sector, whose scalar fields
are responsible for supersymmetry breaking. These fields are usually singlets
under the Standard Model gauge groups and do not communicate with the
Standard Model at low energies.
2.2.3 R-symmetry
Many supersymmetric theories are invariant under a (global) chiral U(1)
symmetry called R-symmetry (which is consequently denoted by U(1)R). An
R-symmetry is characterized by the fact that (at the level of the algebra) its
generator TR does not commute with the supersymmetry generators. Instead,
it acts on the supersymmetry generators Qα as
[TR, Qα] = −i (γ∗) βα Qβ , (2.16)
where γ∗ is given by γ∗ = iγ0γ1γ2γ3. This has the consequence that, in contrast
with other internal symmetries, like the Standard Model gauge groups under
which all components of a chiral multiplet carry the same charge, an R-symmetry
acts differently on each component of a chiral multiplet. The scalar component
Z, the fermionic component PLχ and the auxiliary field F carry R-charges
r, rχ = r − 1, rF = r − 2 respectively. The transformations under U(1)R are
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summarized as
δRZ = iρrZ,
δRPLχ = iρ(r − 1)PLχ
δRF = iρ(r − 2)F. (2.17)
In global supersymmetry there is an interesting connection between theories
which have a global R-symmetry and supersymmetry breaking [69]. It should
also be noted that by eq. (2.16) in global supersymmetry an R-symmetry can not
be gauged. This is not the case however in theories with local supersymmetry.
Moreover, in local supersymmetry a gauged R-symmetries implies the presence
of a Fayet-Iliopoulos D-term contribution to the scalar potential (see section 3.1).
2.2.4 R-Parity
Although in the literature R-parity is usually introduced as a discrete R-
symmetry, we point out in this section that R-parity can be formulated in
such a way that it not an R-symmetry at all (in the definitions of the previous
section).
The most general gauge-invariant and renormalizable superpotential for the
MSSM would not only include the usual terms eq. (2.13), but also the following
baryon- and lepton-number violating interactions
W∆L=1 =
1
2λ
ijkLiLj e¯k + λ′ijkLiQj d¯k + µ′iLiHu,
W∆B=1 =
1
2λ
′′ijku¯id¯j d¯k. (2.18)
The chiral superfields carry baryon number B = 1/3 for Qi, B = −1/3 for
u¯i, d¯i and B = 0 for all the others. Similarly, Li and e¯i carry lepton number +1
and −1, respectively, while all other superfields have vanishing lepton number.
Since the baryon and lepton number violating processes (2.18) are not seen
experimentally, these terms should be absent (or sufficiently suppressed). This
is usually done by imposing that a discrete R-parity is preserved. The R-parity
of a field is given by
PR = (−1)3(B−L)+2s, (2.19)
with s its spin. Note that the Standard Model particles and Higgs bosons carry
PR = +1, while the ’sparticles’ (squarks, sleptons, gauginos and Higgsinos)
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have PR = −1. Also, since every interaction vertex contains an even number of
PR = −1 particles, this implies that the lightest supersymmetric sparticle (LSP)
with PR = −1 must be absolutely stable. If this LSP interacts only weakly with
ordinary matter it can be an excellent dark matter candidate. Note also that
since the different fields of the same multiplet carry a different R-parity, this
symmetry does not commute with supersymmetry.
Although this assignment appears to be quite natural in a supersymmetric
context, it should be stressed that one can equivalently forbid the terms (2.18)
by imposing conservation of matter parity [70–73]. The matter parity PM
of a superfield (as opposed to R-parity, which is defined separately on each
component field) is defined as
PM = (−1)3(B−L). (2.20)
Note that since the matter parity of all fields within a given supermultiplet
is the same, this symmetry does commute with supersymmetry. Since for the
scalar components (s = 0) the matter parity is the same as the R-parity, it is
completely equivalent to impose either matter parity or R-parity as a symmetry
on the theory. Moreover, R-parity and matter parity only differ by the fermion
number, which is an exact parity symmetry by itself.
We conclude that imposing matter parity or R-parity is completely equivalent.
While the R-parity interpretation can be useful to easily abstract its
phenomenological consequences, from a model building point of view it is
far more natural to impose matter parity (2.20), since (in contrast with R-
parity) it commutes with supersymmetry. In fact, since R-parity is equivalent
to the (non-R) matter parity, this shows that there is nothing intrinsically ’R’
about R-parity.
In chapter 4, we will introduce a model based on a gauged U(1) (shift) symmetry.
Since matter parity is nothing else but 3(B − L). It therefore seems an obvious
choice in this context to see whether one can consistently identify it with the
U(1) symmetry we need in our toy model of supersymmetry breaking. This
can be done by giving a charge proportional to B − L to the MSSM superfields.
As a result, the terms in eqs. (2.18) are excluded from the superpotential, and
thus the U(1) symmetry takes over the role of R-parity. This will be discussed
in full detail in chapter 7.
It should however be noted that in principle one can also have dimension 5
operators that violate baryon and/or lepton number (see for example [74] and
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references therein)
Wdim 5 =κ(0)ij HuLiHuLj + κ
(1)
ijklQiQjQkLl + κ
(2)
ijklu¯iu¯j d¯ke¯l
+ κ(3)ijkQiQjQkHd + κ
(4)
ijkQiU¯j e¯kHd + κ
(5)
i LiHuHuHd. (2.21)
Here the various couplings κ(n) have inverse mass dimensions and can be
generated by a high-energy microscopic theory, such as a supersymmetric grand
unified theory or string theory. While R-parity forbids the terms in the last
line of eq. (2.21), all terms in the first line are still allowed. Imposing a B-
L symmetry additionally forbids the terms proportional to κ(0)ij . The terms
proportional to κ(1)ijkl and κ
(2)
ijkl are still allowed. It should however be noted that
a 3B − L symmetry (which has the same parity (−1)3B−L = (−1)3B−3L on
MSSM fields) forbids all the above dimension 5 operators. However, in contrast
with a gauged B − L which can be made anomaly-free upon the inclusion of
three right-handed neutrinos to the MSSM, a gauged 3B − L contains a cubic
U(1)33B−L, and mixed U(1)3B−L × SU(2) and U(1)3B−L × U(1)2Y anomalies
which should be canceled by a Green-Schwarz mechanism (see chapter 7).
Chapter 3
Supergravity
In the previous section we introduced supersymmetry, along with the necessary
notation, and its minimal model containing the Standard Model, the MSSM.
While supersymmetry is realized as a global symmetry in the MSSM, we
introduce in this chapter theories where supersymmetry is realized as local
(gauge) supersymmetry. If a bosonic symmetry is promoted to a local symmetry,
the gauge theory requires the presence gauge bosons to preserve gauge invariance
of the Lagrangian under this symmetry. Local supersymmetry on the other
hand is a fermionic symmetry and requires the presence spin-3/2 fermion called
the gravitino. Since the gravitino appears together with a spin-2 graviton in a
gravity multiplet, theories with local supersymmetry naturally contain gravity.
In this chapter we explain how a supergravity theory is constructed, where we
particularly focus on gauged R-symmetries and Fayet-Iliopoulos terms, which
play an important role in later chapters. The scalar potential is introduced,
together with the relevant conventions and notation. We discuss spontaneous
supersymmetry breaking, and in particular how the soft supersymmetry breaking
terms arise in a gravity mediated supersymmetry breaking scenario. We finish
this chapter by explaining the relation between the cosmological constant and
the minimum of the potential. As before, we follow the notation of [59].
3.1 How to build a supergravity theory
As was the case in a rigid supersymmetric theories (see section 2.1), the particle
content of a supergravity theory consists, besides the gravity multiplet, of chiral
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multiplets (see eq. (2.2)) and gauge multiplets (see eq. (2.3)). One can construct
a Lagrangian invariant under local supersymmetry transformations by defining
a Kähler potential K, a superpotential W and gauge kinetic functions fAB . The
resulting Lagrangian however, is rather lengthy, and the reader is referred to
standard textbooks (see for example eq. (18.6) in [59]) for its full form. Below
however, we will introduce several relevant terms in the Lagrangian, such as the
scalar potential, fermion mass terms and possible Green-Schwarz counterterms
which can arise.
Although a supergravity theory is uniquely determined (up to Chern-Simons
terms) by a Kähler potential K(z, z¯), a superpotential W (z), and the gauge
kinetic functions fAB(z), there is a certain degeneracy in the definitions of the
Kähler potential and the superpotential. Namely, a theory is invariant under a
Kähler transformations
K(z, z¯) −→ K(z, z¯) + J(z) + J¯(z¯),
W (z) −→ e−κ2J(z)W (z), (3.1)
where J(z) (J¯(z¯)) is an (anti-)holomorphic function, and κ is the inverse of the
reduced Planck mass, mp = κ−1 = 2.4× 1015 TeV, and the zα are the scalar
components of the chiral multiplets of the theory.
A supergravity theory can be described by a gauge invariant function (for
theories with a non-vanishing superpotential)
G = κ2K + log(κ6WW¯ ). (3.2)
The gauge transformations (with gauge parameters θA) of the chiral multiplet
scalars are given by holomorphic Killing vectors eq. (2.12). In contrast with
global supersymmetry, the Kähler potential and superpotential in a supergravity
theory need not be invariant under a gauge transformation, but can leave a
Kähler transformation. The gauge transformation of the Kähler potential
satisfies
δK = θA [rA(z) + r¯A(z¯)] , (3.3)
for some holomorphic function rA(z), provided that the gauge transformation
of the superpotential satisfies δW = −θAκ2rA(z)W . One then has from δW =
Wαδz
α that the superpotential satisfies
Wαk
α
A = −κ2rAW, (3.4)
where Wα = ∂αW and α labels the chiral multiplets.
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The scalar potential is given by [75]
V = VF + VD,
VF = eκ
2K
(
−3κ2WW¯ +∇αWgαβ¯∇¯β¯W¯
)
,
VD =
1
2 (Ref)
−1 AB PAPB , (3.5)
where the Kähler covariant derivative of the superpotential is
∇αW = ∂αW (z) + κ2(∂αK)W (z). (3.6)
The moment maps PA are given by
PA = i(kαA∂αK − rA). (3.7)
While the scalar potential of a globally supersymmetric theory (see eq. (2.9)) is
always positive (or rather nonnegative), the F-term contribution to the scalar
potential of a supergravity theory contains a negative contribution proportional
to −3κ2WW¯ . This negative contribution, which has its origin in the elimination
of a gravity auxiliary field, makes it possible to construct spontaneously broken
supergravity with a vanishing1 minimum of the scalar potential.
In this thesis we will be concerned with theories with a gauged R-symmetry2, for
which rA(z) is given by an imaginary constant rA(z) = iκ−2ξ. In this case, κ−2ξ
is a Fayet-Iliopoulos (FI) [61] constant parameter (where ξ is dimensionless).
Note that in contrast with a globally supersymmetric theory, the FI constant
can not be chosen at will, but it is constrained by eq. (3.4). Since a FI term gives
a (positive) D-term contribution to the scalar potential, these terms can be very
interesting to study in the context of spontaneous supersymmetry breaking.
The mass terms for the fermions in the Lagrangian are given by
Lm =12m3/2ψ¯µPRγ
µνψν
− 12mαβχ¯
αχβ −mαAχ¯αλA − 12mABλ¯
APLλ
B + h.c., (3.8)
where ψµ is the spin-3/2 gravitino3 (which is the superpartner of the graviton)
and its mass parameter is given by
m3/2 = κ2eκ
2K/2W. (3.9)
1In fact, we are interested in theories where the minimum of the potential is at a very
small and positive value as to accommodate for the cosmological constant.
2For an early paper on gauged R-symmetries, see for example [76].
3The generation of its physical mass will be discussed below in section 3.2
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The spin-1/2 mass matrices of the chiral fermions χα and the gauginos λA are
given by
mαβ = eκ
2K/2 [∂α + (κ2∂αK)]∇βW − eκ2K/2Γγαβ∇γW, (3.10)
mαA = i
√
2
[
∂αPα − 14fABα(Ref)
−1 ABPC
]
, (3.11)
mAB = −12e
κ2K/2fABαgαβ¯∇¯β¯W¯ , (3.12)
where fABα = ∂αfAB , and the connection components Γγαβ are given by
Γαβγ = gαδ¯∂βgγδ¯,
Γα¯
β¯γ¯
= gδα¯∂β¯gδγ¯ . (3.13)
All other connection components vanish (i.e. Γαβγ¯ = Γα¯β¯γ = 0). In the
supergravity models in the following chapters it will often occur that the
non-diagonal elements of the gaugino mass matrix mAB vanish. In this case,
the diagonal elements will be denoted by a single index, mA. Similarly for the
gauge kinetic functions fA.
3.2 Spontaneous supersymmetry breaking
3.2.1 The super-BEH mechanism
It is a well-known fact that when a gauge symmetry is spontaneously broken, a
Brout-Englert-Higgs (BEH) mechanism occurs; For example, in the Standard
Model, the SU(2)L×U(1)Y gauge symmetry is spontaneously broken to a U(1).
This occurs because the potential of a scalar field (the Higgs boson) forces it
to acquire a non-zero vacuum expectation value (VEV). For each of the three
broken generators of the gauge groups, there exists a so-called Goldstone boson,
which is subsequently ’eaten’4 by the corresponding W+,W− and Z gauge
bosons which in turn become massive. The fermions in the theory then acquire
masses when the Higgs field is replaced with its VEV in its interactions with
the fermions.
4The gauge bosons ’eat’ the Goldstone bosons in the sense that they absorb their degree
of freedom. They indeed need an extra degree of freedom to become massive since a massless
gauge boson has two (on-shell) degrees of freedom, while a massive one has three.
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A similar mechanism, called the super-BEH mechanism, occurs when local
supersymmetry is spontaneously broken by the VEV of some scalar field(s).
An important difference with the above however, is that the supersymmetry
generators (see eqs. (2.1)) are fermionic. Therefore, spontaneous supersymmetry
breaking will lead to a Goldstone fermion (instead of a boson), called the
Goldstino PLν, which in general is a linear combination of the fermionic
superpartners of all fields that contribute to the supersymmetry breaking
PLν = χαδsχα + PLλAδsPRλA, (3.14)
where the ’fermion shifts’ (the scalar parts of the supersymmetry transformations
of the fermions) are given by
δsχα = − 1√2e
κ2K/2∇αW,
δsPRλA = − i2PA. (3.15)
Due to the super-BEH effect, the elimination of the Goldstino will give a mass to
the gravitino given by eq. (3.9), and the mass matrix for the fermions becomes
m =
(
mαβ +m(ν)αβ mαB +m
(ν)
αB
mAβ +m(ν)Aβ mAB +m
(ν)
AB
)
, (3.16)
where the corrections to the fermion mass terms due to the elimination of the
Goldstino are given by
m
(ν)
αβ = −
4κ2
3m3/2
(δsχα)(δsχβ),
m
(ν)
αA = −
4κ2
3m3/2
(δsχα)(δsPRλA),
m
(ν)
AB = −
4κ2
3m3/2
(δsPRλA)(δsPRλB). (3.17)
Since the elimination of the Goldstino results in a reduction of the rank of m,
its determinant vanishes and the physical masses of the fermions correspond to
the non-zero eigenvalues of m.
3.2.2 A hidden sector of supersymmetry breaking
It was already explained in section 2.2.2 that the MSSM superfields can not be
responsible for supersymmetry breaking since a VEV of a scalar superpartner
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of a Standard Model fermion would additionally break a Standard Model gauge
symmetry. Instead, the origin of supersymmetry breaking should be in a ’hidden
sector’ of particles. Although there are several mechanisms available by which
supersymmetry breaking can be communicated to the visible sector (MSSM),
we will focus here on gravity mediation [77]. For other mechanisms, such as
gauge mediation [78] of anomaly mediation [79–83], the reader is referred to
the literature.
In a gravity mediated supersymmetry breaking scenario [77], the chiral multiplets
of a model are divided into two sectors: An observable sector, which includes
the chiral multiplets ϕi of the MSSM (as well as its gauge multiplets), and a
hidden sector where the scalar fields are labeled by zα. The Kähler potential
and the superpotential can be decoupled
K = K(z, z¯) +
∑
ϕϕ¯,
W = Wh(z) +WMSSM(ϕ), (3.18)
where the indices labeling chiral multiplets have been omitted. As in the
MSSM, the observable sector Kähler potential is taken to be canonical and
the MSSM superpotential is given in eq. (2.13). In the limit κ → 0 (or
equivalently MP → ∞) one simply has a model with two decoupled sectors.
When gravitational effects are included however, the scalar potential is given by
V = eκ2K(z,z¯)+
∑
κ2ϕϕ¯
(
−3κ2 |Wh +WMSSM|2 + gzz¯|∇zW |2 + |∇ϕW |2
)
,
(3.19)
where
∇zW = ∂zWh + κ2∂zK(z, z¯) (Wh +WMSSM) ,
∇ϕW = ∂ϕWMSSM + κ2ϕ¯ (Wh +WMSSM) , (3.20)
by the definition in eq. (3.6).
The hidden sector superpotential Wh is constructed such that supersymmetry
is broken in this sector and the scalar fields zα in the hidden sector acquire
a VEV (typically of order ∼ mp = 1/κ). The couplings in the hidden sector
however, carry a high scale (usually assumed to be at the GUT-scale or near the
Planck mass), such that its effects are not detectable at low (collider) energies.
We will show below that, when the hidden sector scalars are replaced with their
VEVs, one retrieves exactly the soft supersymmetry breaking terms (2.15).
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The derivative with respect to a visible sector field ϕ of the scalar potential is
given by
∂ϕV =eκ
2K(z,z¯)+
∑
κ2ϕϕ¯
[
κ2ϕ¯
(
−3 |Wh +WMSSM|2 + gzz¯|∇zW |2 + |∇ϕW |2
)
− 3κ2W¯Wϕ + κ2gzz¯KzWϕ(W¯z¯ + κ2Kz¯W¯ )
+ (Wϕϕ + κ2ϕ¯Wϕ)(W¯ϕ¯ + κ2ϕW¯ ) + (Wϕ + κ2ϕ¯W )W¯
]
, (3.21)
where Wϕ = ∂ϕW , Kz = ∂zK are shorthand notations. Under the assumption
that the visible sector fields ϕ do not contribute to the supersymmetry breaking,
we have 〈ϕ〉 = 〈ϕ¯〉 = 0, and therefore for WMSSM, given by eq. (2.13), we have
〈Wϕ〉 = 〈Wϕ¯〉 = 0. The soft supersymmetry breaking masses are then given by
∂ϕ∂ϕ¯V
∣∣∣
ϕ=ϕ¯=0
= eκ
2K(z,z¯)
(
−2κ4WhW¯h + κ2gzz¯ |∇zWh|2
)
, (3.22)
where the hidden fields z are replaced with theirs VEVs. The Bµ−term can be
calculated similarly from
∂ϕ∂ϕV
∣∣∣
ϕ=ϕ¯=0
= κ2eκ
2K(z,z¯) [gzz¯Kz (W¯z¯ + κ2Kz¯W¯ )− W¯ ]Wϕϕ, (3.23)
as well as the trilinear terms
∂ϕ∂ϕ∂ϕV
∣∣∣
ϕ=ϕ¯=0
= κ2eκ
2K(z,z¯)gzz¯Kz
(
W¯z¯ + κ2Kz¯W¯
)
Wϕϕϕ. (3.24)
The gaugino mass terms can be calculated from eq. (3.12). Note however that a
constant gauge kinetic function implies a vanishing gaugino mass since eq. (3.12)
is proportional to the derivative of its respective gauge kinetic function. We
will show in section 5.3 that, even for a constant gauge kinetic function, the
gaugino mass terms can be generated at one loop.
The MSSM is defined however in rigid supersymmetry, where the scalar potential
is given by V = ∑WMSSM,ϕW¯MSSM,ϕ¯. In the discussion above, this corresponds
to the last term in eq. (3.19). Note however that, after the hidden sector fields
are replaced with their VEVs, this term is proportional to eκ2K . Therefore, in
order to interpret the last term in eq. (3.19) as the usual MSSM scalar potential
at low energies, a rescaling is needed:
WˆMSSM = eκ
2K(z,z¯)/2WMSSM, (3.25)
such that at low energies the last term in eq. (3.19) reduces to
∑
WˆMSSM,ϕ
ˆ¯WMSSM,ϕ¯.
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As a result, all trilinear terms aijk (see eq. (2.15)) are the same and are given
by A0yˆi, where yi are the Yukawa couplings in the MSSM superpotential (2.13)
(rescaled by eq. (3.25)) and
A0 = κ2eκ
2K(z,z¯)/2gzz¯Kz
(
W¯z¯ + κ2Kz¯W¯
)
. (3.26)
Similarly, the ’Bµ′-term is given by B0µˆ, where µˆ = eκ
2K/2µ by eq. (3.25), and
B0 = κ2eκ
2K(z,z¯)/2 [gzz¯Kz (W¯z¯ + κ2Kz¯W¯ )− W¯ ] , (3.27)
Note that one has the relation [84]
A0 = B0 +m3/2, (3.28)
where the gravitino mass term is given by eq. (3.9).
Note however above that we only discussed the F-term contribution to the
scalar potential. Indeed, a D-term contribution to the scalar potential can also
contribute to the soft supersymmetry breaking terms. This will be discussed
further in section 7.2.
3.3 Relation between the minimum of the potential
and the cosmological constant
In this section we show the relation between the minimum of the potential and
the cosmological constant Λ. In the Einstein field equations, the cosmological
constant arises as
Rµν − 12gµνR+ Λgµν = 8piG Tµν , (3.29)
where Rµν is the Ricci tensor, R is the curvature scalar R = gµνRµν , Tµν is the
stress-energy tensor, G is the gravitational constant, and we put the speed of
light in the vacuum c = 1.
On the other hand, one can write the action of a supergravity theory as the
Einstein-Hilbert term plus a term LM involving any matter fields in the theory5
S =
∫
d4x
√−g
[
1
2κ2R+ LM − V0
]
. (3.30)
Here, g = det gµν is the determinant of the metric tensor, and κ2 = 8piG.
A constant contribution V0 has been added that corresponds to the value at
5Any terms involving the gravitino are also assumed to be included in LM .
RELATION BETWEEN THE MINIMUM OF THE POTENTIAL AND THE COSMOLOGICAL CONSTANT
37
the minimum of the scalar potential. We will show below how the constant
contribution to the Lagrangian V0 gives rise to a contribution in the Einstein
field equations (3.29) that can be interpreted as the cosmological constant Λ.
The variation of the action eq. (3.30) gives
δS =
∫
d4x
[
1
2κ2 δ
(√−ggµν)Rµν + 12κ2√−ggµνδRµν + δ (√−gLM)
− δ (V0√−g) ]. (3.31)
Since the variation of the Ricci tensor is given by
δRµν = ∇ρδΓρµν −∇µδΓρνρ, (3.32)
the second term in eq. (3.31) is a total derivative and vanishes. Further, we use
δgµν = −gµρδgρσgσν ,
δ
√−g = 12
√−ggµνδgµν = −12
√−ggµνδgµν , (3.33)
to reduce eq. (3.31) to
δS = 12κ2
∫
d4x δgµν
√−g
[
Rµν − 12gµνR− κ
2
(−2δ (√−gLM )
δgµν
√−g
)
+ κ2V0gµν
]
. (3.34)
One now defines the stress-energy tensor
Tµν =
−2δ (√−gLM )
δgµν
√−g , (3.35)
and solve for δS = 0 to find the Einstein field equations (3.29) with
Λ = 8piGV0. (3.36)
Alternatively, the constant contribution V0 can be absorbed in the stress-energy
tensor by defining
Tµν =
−2δ (√−gLM )
δgµν
√−g + T
vac
µν , (3.37)
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where6
T vacµν = −ρvacgµν , with ρvac = V0 = κ−2Λ. (3.39)
The above equivalence shows the relation between the cosmological constant
and the energy of the vacuum, and is the reason the terms ’vacuum energy’ and
’cosmological constant’ are used interchangeably. Moreover, the latest results
from the Planck collaboration [85] show
Λobs =
3ΩΛH20
c2
≈ 1.1× 10−52 m−2, (3.40)
where the Hubble constant is given by H0 = 67.74 kms Mpc , the dark energy
density ΩΛ = 0.6911, and we have explicitly included the speed of light in the
vacuum c.
6The stress-energy tensor can be modeled as a perfect fluid,
Tµν = (ρ+ p)UµUν + pgµν , (3.38)
where ρ is the energy density and p is the isotropic pressure in its rest frame, Uµ is the fluid
four-velocity. One obtains eq. (3.39) by putting ρvac = −pvac.
Chapter 4
A model with a tunably small
(and positive) cosmological
constant
It was already mentioned in the introduction that experimental evidence suggests
that the cosmological constant is very small and positive [35, 36]. Therefore, if
string theory were to be a realistic theory of nature, its vacuum energy should
therefore be positive as well. This is called a de Sitter (dS) vacuum. The
hunt for de Sitter vacua in string theory with a tunably small value of the
cosmological constant is a very interesting and challenging subject (for recent
work, see for example [37–45]).
In this chapter we start the presentation of our own work, where this problem
is addressed in the context of supergravity. This is interesting since certain
supergravity theories appear as the low energy limit of string theory. The goal
of this chapter is to obtain a supergravity theory, based on a chiral multiplet
with a gauged shift symmetry, which has a tunably small and positive value
of the minimum of the scalar potential. In the string theory context, this
chiral multiplet can be identified with the string dilaton or an appropriate
compactification modulus. We show that for suitable values of the parameters
the scalar potential can be identified with the one obtained in [53].
The model [50], originally proposed in [51,52], consists of (besides the gravity
multiplet) a chiral multiplet S and a vector multiplet associated with a gauged
U(1) symmetry which acts as a shift along the imaginary part of the scalar
component of S. By gauge invariance of the theory, the Kähler metric can
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therefore only be a function of the real part of S, which is taken to be a
logarithm K = −κ−2p log(s + s¯), where the constant p is assumed to be an
integer1. The most general gauge kinetic function, consistent with the shift
symmetry, contains a constant and a linear contribution, while the most general
superpotential is either a constant, or an exponential of S. In the case of
an exponential superpotential, the gauged shift symmetry becomes a gauged
R-symmetry2, which is therefore labeled U(1)R below (even in the case where
the superpotential is constant).
As a result, the R-symmetry fixes the form of the Fayet-Iliopoulos term, leading
to a supergravity action with two independent parameters that can be tuned
such that the scalar potential possesses a (metastable) de Sitter vacuum with a
tunably small (and positive) cosmological constant. A third parameter fixes the
VEV of the string dilaton, while the mass of the gravitino (which is essentially
the supersymmetry breaking scale) is separately tunable.
An alternative (dual) description of this model is given in terms of a linear
multiplet. The string dilaton appears naturally in a linear multiplet, where it is
accompanied by a 2-index antisymmetric tensor potential which is dual to ImS
under Poincaré duality of its field-strength. We show that this dual description
persists even in the presence of a field dependent (exponential) superpotential.
The model is introduced in section 4.1. Our own contributions start in section 4.2
where we examine and quantify the tunability of the scalar potential in this
model. It turns out that for p ≥ 3 no (meta)stable de Sitter vacua can be found.
The cases p = 1 and p = 2 are presented in full detail in subsections 4.2.1 and
4.2.2 respectively. Following, in section 4.3 we make a few remarks on the case
p = 2: Firstly, since for p = 2 the vacuum is metastable, quantum tunneling to
another vacuum solution can in principle occur. It is checked in section 4.3.1
that this tunneling probability is indeed extremely low. Next, in section 4.3.2
we briefly comment on a possible connection with string theory and we close
this chapter by rewriting the model in terms of a linear multiplet in section 4.3.3
which is a more natural description from a string theory point of view.
This chapter is based on work together with I. Antoniadis [50, 57] and on work
with I. Antoniadis and D. Ghilencea [56]. In particular, section 4.2.1 is based
on work [57], sections 4.2.2, 4.3.2 and 4.3.3 are based on [50], while section 4.3.1
is based on [56].
1For example, for the total volume-axion one has p = 3 (which results in no-scale
supergravity), or for the dilaton-axion p = 1.
2For other studies based on a gauged R-symmetry, see for example [86–89].
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4.1 Introduction of a model
In order to obtain a model with a tunably small (and positive) value of the
cosmological constant, one could try to cancel a (negative) F-term contribution
to the scalar potential by a positive D-term contribution. The simplest model
one can look at then has a chiral multiplet S whose superpotential gives rise to
an F-term contribution to the scalar potential, and a vector multiplet whose
corresponding gauge symmetry gives rise to a D-term contribution. We will
assume that the gauge symmetry is abelian, and that the scalar component s
of the chiral multiplet transforms under this U(1)R (where the subscript R will
be clear below) as a shift3
s −→ s− icθ, (4.1)
where θ is the gauge parameter and c is a parameter of the model. The real scalar
component of s can be identified with the string dilaton or a compactification
modulus4, while its imaginary part is an axion. In supersymmetric theories the
string dilaton and the axion a can be described as the real and imaginary part
of the scalar component s of a chiral multiplet S = (s, ψ, F )
s = 1
g2
+ ia, (4.2)
where g is the four dimensional gauge coupling. In perturbation theory, the
axion has an invariance under a Peccei-Quinn symmetry which shifts s by an
imaginary constant.
As outlined in section 3.1, a supergravity theory is defined by a Kähler potential,
a superpotential and gauge kinetic functions. The shift symmetry eq. (4.1)
forces the Kähler potential to be a function of s+ s¯. Moreover, while keeping
the interpretation of the string dilaton (or a compactification modulus) in the
back of our mind, the Kähler potential is taken to be of the form
K = −κ−2p log(s+ s¯), (4.3)
where p is a parameter of the model and the factor κ−2 is needed to restore the
appropriate mass dimensions of the Kähler potential5. Of course, this Kähler
potential results in a non-renormalizable theory. It should therefore be viewed
3In superfields the shift symmetry (4.1) is given by δS = −icΛ, where Λ is the superfield
generalization of the gauge parameter. The gauge invariant Kähler potential below in eq. (4.15)
is then given by K(S, S¯) = −κ−2p log(S + S¯ + cVR) + κ−2b(S + S¯ + cVR), where VR is the
gauge superfield of the shift symmetry.
4Indeed, we will show below in section 4.3.2 how s corresponds to the string dilaton for a
particular value of the parameters in the model.
5Note that the field s has mass dimension 0.
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either as a classical field theory, or as a quantum field theory with a certain
cutoff.
Since the superpotential W (s) is a holomorphic function, it can not be a
function of the combination s+ s¯ and thus any (non-constant) superpotential
will transform under the shift symmetry. The only nontrivial possibility is then
to allow the superpotential to transform with a phase according to eq. (3.4).
The most general superpotential turns out to be an exponential
W = κ−3aebs, (4.4)
where a (not to be confused with the axion) and b are parameters in the model.
Note that the superpotential is not invariant under the shift symmetry. Instead
it transforms as
δW = −ibcθW, (4.5)
in which case the shift symmetry becomes an R-symmetry and is therefore
labeled with a subscript R. This is consistent if eq. (3.4) is satisfied, which gives
rA = iξκ−2, (4.6)
where
ξ = bc (4.7)
and κ−2ξ is the Fayet-Iliopoulos constant [61] in the theory. It is interesting that
this superpotential appears naturally in the context of gaugino condensation
(see for example [90–93]) and in recent works on supersymmetric extensions of
Starobinsky models of inflation [94–96].
Following, the most general gauge kinetic function is either a constant or linear
in s
f(s) = γ + βs. (4.8)
It is however important to note that if the parameter6 β is non-zero, the
Lagrangian contains a Green-Schwarz [97–101] contribution
LGS = i4 Im (f(s))Fµν F˜
µν
= 18 Im (f(s)) 
µνρσFµνFρσ, (4.9)
6Below, the parameter β will often carry a subscript R, such that βR can be distinguished
from similar parameters (βA) corresponding to similar Green-Schwarz contributions for the
Standard Model gauge groups A.
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where the dual of an antisymmetric tensor is defined as
F˜µν = − i2
µνρσFρσ. (4.10)
The term (4.9) however, is not gauge invariant, since its gauge transformation
is given by
δLGS = −θβc8 
µνρσFµνFρσ. (4.11)
To restore gauge invariance, this term should be canceled by another contribution.
We postpone this discussion until chapter 5, where the gauge invariance of this
model at the quantum level is studied in full detail.
The scalar potential is given by
V = −3|a|
2
(s+ s¯)p e
b(s+s¯) +
(
b− p
s+ s¯
)2(
a2
p
eb(s+s¯)
(s+ s¯)p−2 +
c2
β(s+ s¯) + 2γ
)
.
(4.12)
Below, we will assume a > 0 and we will drop the absolute value in the scalar
potential. This can be done without losing generality with respect to the
phenomenological implications in later chapters.
The above model is summarized for future reference as
K = −κ−2p log(s+ s¯),
W = κ−3aebs,
f(s) = γ + βs, (4.13)
where the moment map P, defined in eq. (3.7), is given by
κ2P = c
(
b− p
s+ s¯
)
. (4.14)
This can be rewritten by performing a Kähler transformation (see eqs. (3.1))
with J = κ−2bs in the form
K = −κ−2p log(s+ s¯) + κ−2b(s+ s¯),
W = κ−3a,
f(s) = γ + βs. (4.15)
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One can therefore absorb the exponential part of the superpotential in the
Kähler potential. In this case the gauge symmetry is not an R-symmetry
anymore, which has important consequences that will be discussed in section 5.3.
Nevertheless, we will continue to refer to the shift symmetry as U(1)R, even in
the ’Kähler frame’ eq. (4.15) where the shift symmetry is technically not an
R-symmetry. It is important to note that indeed both eqs. (4.13) and eqs. (4.15)
result in the same supergravity Lagrangian, and in particular the same scalar
potential.
4.2 Tunability of the model
In this section we investigate the parameter range of the model defined above
by eqs. (4.13) (or equivalently by eq. (4.15)) and (4.8) for which there exists a
positive and small minimum of the scalar potential eq. (4.12). We then present
the relations between the parameters which ensure a (tunably) small value of
the cosmological constant.
For b > 0, there always exists a supersymmetric AdS (anti-de Sitter) vacuum
at 〈s+ s¯〉 = b/p, while for b = 0 supersymmetry is broken in AdS space. Since
we are interested in supersymmetry breaking de Sitter vacua, we therefore
focus on b < 0. For p ≥ 3 the scalar potential V is positive and monotonically
decreasing [51], while for p < 3, the F-term contribution VF is unbounded from
below when s + s¯ → 0. On the other hand, the D-term contribution to the
scalar potential VD is positive and diverges when s+ s¯→ 0 such that for various
values of the parameters an (infinitesimally small) positive (local) minimum of
the potential can be found.
The parameter p in front of the logarithm in the Kähler potential is assumed to
be a positive7 integer. Below we show that for p = 1, a tunable vacuum can be
found (see subsection 4.2.1) when8 γ > 0, while for p = 2 tunable vacua can
be found when γ = 0 and β > 0. We show how the parameters a and c can be
tuned such that the scalar potential has a minimum at an infinitesimally small
(and positive) value. Moreover, it will turn out that the parameter b can be
tuned independently to determine the VEV of the scalar component s of the
chiral multiplet.
7A negative or vanishing p would indeed not lead to consistent kinetic terms in the
Lagrangian.
8The real part of the gauge kinetic function at the minimum of the potential should be
positive, for positivity of the kinetic energy of the gauge field.
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4.2.1 Tunable dS vacua for p = 1
For p = 1, a stable de Sitter vacuum can be found on the condition that the
constant contribution to the gauge kinetic function is non-zero. In this section
we present the relations between the parameters a, b, c that are necessary to
ensure a positive and tiny cosmological constant for the case β = 0. Although a
non-zero β is in principle allowed, it is shown in the Appendix D.1 that due to
constraints from anomaly cancellations its contribution turns out to be very
small. In Appendix D.2 we show the relations between the parameters to obtain
a vanishing cosmological constant for a vanishing constant contribution (γ = 0,
β > 0) to the gauge kinetic function. However, since this case is inconsistent
with anomaly cancellation conditions, similar to the case for p = 2 in section 5.2,
it will not be discussed below.
In the case β = 0, the constant γ in eq. (4.8) can be absorbed in other constants
of the theory by an appropriate rescaling of the vector field, and we can put
γ = 1. The model is then given by
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯),
W = κ−3a,
f(s) = 1. (4.16)
The scalar potential is
V = VF + VD,
VF = κ−4a2 e
b(s+s¯)
s+ s¯ σs, σs = −3 + (b(s+ s¯)− 1)
2
,
VD = κ−4 c
2
2
(
b− 1
s+ s¯
)2
. (4.17)
The minimization of the potential ∂sV = 0 gives
c2
a2
= 〈s+ s¯〉(2− b2〈s+ s¯〉2)eb〈s+s¯〉 . (4.18)
By plugging this relation into Vmin = Λ ≈ (10−3eV)4, which ensures the
minimum of the potential to be at a very small but positive value, one finds
κ4e−b〈s+s¯〉〈s+ s¯〉 Λ
a2
= −3 + (b〈s+ s¯〉 − 1)2
[
2− b
2〈s+ s¯〉2
2
]
. (4.19)
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An infinitesimally small cosmological constant Λ can then be obtained by tuning
the parameters a, b, c such that
b〈s+ s¯〉 = α ≈ −0.233153, (4.20)
bc2
a2
= A(α) + 2κ
4Λα2
a2b(α− 1)2 , A(α) = 2e
αα
3− (α− 1)2
(α− 1)2 ≈ −0.359291 ,
where α is the negative root of −3 + (α− 1)2(2−α2/2) = 0 close to −0.23. The
other roots are either imaginary or would not allow for a real solution of the
second constraint. Note that
lim
s+s¯→∞V =
κ−4ξ2
2 > 0, (4.21)
where κ−2ξ is the FI constant defined above in eq. (4.7). It follows that for
κ−4ξ2/2 > Λ, the scalar potential allows for a stable de Sitter (dS) vacuum
with an infinitesimally small (and tunable) value for the cosmological constant.
The gravitino mass (3.9) is given by
m3/2 = κ−1
√
|b|ae
α/2
α
≈ 4.42
√
|b|a× 1015 TeV. (4.22)
One can obtain a TeV gravitino mass by tuning a
√|b| ≈ 2.26× 10−16. A plot
of the scalar potential is given in figure 4.1.
We conclude that for p = 1 there can exist indeed a dS vacuum with a tunably
small cosmological constant. Moreover, the parameter b can be used to fix the
VEV of 〈s + s¯〉, while a relation between the parameters a and c ensures a
small cosmological constant. In chapter 6 however, we will show that when this
minimal model is coupled to the MSSM, it will lead to tachyonic soft scalar
masses for the MSSM fields. We therefore postpone a careful treatment of this
model, its possible solutions to avoid tachyonic masses and its the resulting
energy sparticle spectrum to chapter 6.
4.2.2 Tunable dS vacua for p = 2
For p = 2, metastable de Sitter vacua can be found for various values of the
parameters if the gauge kinetic function is linear9 in s (γ = 0). Moreover, as
9In fact, a very small γ is still consistent with the existence of a dS vacuum, provided
β 6= 0. The resulting corrections however to the scalar potential and the discussion below are
very small. We therefore take γ = 0.
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Figure 4.1: A plot of the scalar potential (4.17) for p = 1, b = α/50, a = 10−15
(blue) and a = 0.7× 10−15 (red), and c is determined by eq. (4.20) with Λ = 0.
The VEV of s + s¯ is specified by choosing b = α/50, where we have taken
〈s+ s¯〉 = 50 in this plot. The values of a are chosen such that the gravitino mass
is of the order of TeV. Note that the scalar potential has a stable dS minimum
at 〈s+ s¯〉 = α/b.
far as the minimization of the potential is concerned, the constant β in eq. (4.8)
can be absorbed in other constants of the theory10. The model is then given by
K = −2κ−2 log(s+ s¯) + κ−2b(s+ s¯),
W = κ−3a,
f(s) = s. (4.23)
The scalar potential (4.12) then reduces to
V = κ−4a2eb(s+s¯)
(
b2
2 −
2b
s+ s¯ −
1
(s+ s¯)2
)
+ κ−4 c
2
s+ s¯
(
2
s+ s¯ − b
)2
. (4.24)
10For a non-trivial β, the D-term contribution to the scalar potential is given by
κ4VD = c
2
β
1
s+ s¯
( 2
s+ s¯
− b
)2
.
In this case the results of this section hold true with c replaced by c′, given by c′2 = c2/β.
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As in the previous section, we first look for a Minkowski minimum and solve
the equations
V(s) = 0,
dV
ds
(s) = 0. (4.25)
This leads to the following relations between the parameters at the minimum of
the potential11:
b〈s+ s¯〉 = α ≈ −0.183268,
bc2
a2
= A(α), (4.26)
where α is the root of the polynomial −x5 + 7x4 − 10x3 − 22x2 + 40x+ 8 close
to −0.18 and A(α) is given by
A(α) = eαα
(
α2
2 − 2α− 1
−4 + 4α− α2
)
≈ −0.01970. (4.27)
Note that the above polynomial has five roots, four of which are unphysical:
two roots are imaginary, one is positive, which is incompatible with the first
line in eqs. (4.26), since 〈s + s¯〉 should be positive by eq. (4.2), and a fourth
root gives rise to a positive A(α), which is incompatible with the last line in
eqs. (4.26) since b < 0.
If one were to shift the value of the minimum of the potential to a small positive
value Λ, eq. (4.26) gets modified to
AΛ(α) =
a2
bc2
− κ
4Λ
b3c2
(
α2e−α
α2
2 − 2α− 1
)
. (4.28)
It follows that by carefully tuning a and c, Λ can be made positive and arbitrarily
small independently of the supersymmetry breaking scale. The gravitino mass
term is given by
m3/2 =
κ−1ab
α
eα/2. (4.29)
We conclude that one can obtain a tunable de Sitter vacuum with the minimum
of the potential at 〈s+ s¯〉 = α/b. As in the previous section, the parameter b can
11The definition of A(α) is the inverse of the one used in [50,56,58] in order to be consistent
with the rest of this work.
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be used to determine the value of Re(s) at the minimum of the potential. Since
the gauge kinetic function is linear in the dilaton s, we have 〈s+s¯〉 = 1/g2s , where
gs is the string coupling constant, which can thus be tuned by the parameter b,
independently of the minimum of the potential and the gravitino mass. A TeV
gravitino mass can be obtained by tuning a|b| ∼ 8.3× 10−17, and the parameter
c should satisfy eq. (4.26). The scalar potential is plotted in figure 4.2 for
a = 3× 10−14 and a = 6× 10−14, for b = α/50 and c determined by eq. (4.26).
Note that, in contrast with the p = 1 case in section 4.2.1, the de Sitter vacuum
is metastable since V → 0 when s+ s¯→∞. One should therefore check whether
this vacuum is sufficiently long lived. This is confirmed below in section 4.3.1.
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Figure 4.2: A plot of the scalar potential (4.24) for p = 2, b = α/50, a = 3×10−14
(blue) and a = 6× 10−14 (red), and c determined by eq. (4.26). The VEV of
s+ s¯ is specified by choosing b = α/50, where we have taken 〈s+ s¯〉 = 50 in
this plot. The values of a are chosen such that the gravitino mass is of the
order of TeV. Note that the scalar potential has a metastable dS minimum at
〈s+ s¯〉 = 50. The metastability is discussed below.
Due to a Stückelberg mechanism, the imaginary part of s (the axion) is eaten
by the gauge field, which acquires a mass. On the other hand, the Goldstino
PLν, which is a linear combination of the fermion of the chiral multiplet χ
and the gaugino λ, is eaten by the gravitino (see section 3.2). As a result, the
physical spectrum of the theory consists (besides the graviton) of a massive
scalar, namely the dilaton, a Majorana fermion, a massive gauge field and a
massive gravitino. A calculation of the masses of these fields is presented in
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Appendix A. The results are
ms = κ−1
b2c
α2
√
48 + 192α− 128α2 − 8α3 + 24α4 − 8α5 + α6
2 + 4α− α2 ,
mAµ = κ−1
2
√
2b3/2c
α3/2
,
m2f = κ−2a2b2
eα
(
116 + 68α− 15α2 − 4α3 + 8α4)
144α2 . (4.30)
Note that by eqs. (4.26) and eq. (4.29) all masses are proportional to the gravitino
mass, which is proportional to the constant a (or c related by eq. (4.26)). Thus,
these masses vanish in the supersymmetric limit where the charge of the shift
symmetry is taken to zero c→ 0, or equivalently, in the limit m3/2 → 0.
4.3 A few remarks on p = 2
4.3.1 Metastability of the de Sitter vacuum
Classically, the above vacua are stable. For the case12 p = 2 however, the
scalar potential tends to zero for Re(s) → ∞. Although the ground state in
eq. (4.26) is separated by a barrier (see Fig. 4.2) from this runaway direction at
Re(s) =∞, quantum tunneling can in principle occur between these solutions.
One thus needs to estimate the probability (Γ) for the current vacuum Vmin =
Λ = κ−40 > 0 to decay into the vacuum Vmin = 0 along the Re(s) direction,
through the potential barrier (Fig. 4.2). This is to ensure that the ground state
is long-lived enough. This probability is (per unit of time and volume)
Γ = A e−B~ (1 +O(~)) , (4.31)
where ~ is the reduced Planck constant (we set ~ = 1), and A and B depend
on the model. The value of A plays a minor role in comparison with the
exponential suppression; B is fixed by the Euclidean action of the instanton
(bounce) solution (S1) which in the limit of a very small energy difference
between the two minima is [102–104]
B = 27pi
2S41
2 30
. (4.32)
12In the case where p = 1, the ground state is stable when κ−4ξ2/2 > Λ (see eq. (4.21))
and such analysis is not necessary.
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We redefine the field s into (for standard kinetic terms; s is dimensionless)
φs = κ−1 log(s+ s¯), (4.33)
S1 is given by [102]
S1 =
∫
dφs
√
2V(φs) = κ−3|a| S(b), (4.34)
where V is the potential of φs and
S(b) =
√
2
∫ ∞
ln(αb )
dx
[
eb e
x
(
b2
2 − 2 be
−x − e−2x
)
+ e
−xA(α)
b
(
2 e−x − b)2 ]1/2,
which can be computed numerically. A(α) is given by eq. (4.27) (where one has
set Λ = 0 to a good approximation).
If we interpret Re(s) as the (inverse of the) 4D coupling (1/g2s) to a GUT-like
value, Re(s) ≈ 25, this fixes b via b = α/〈s+ s〉 ≈ −3× 10−3. For this value of
b one finds S ≈ 0.0124106. By demanding that the gravitino mass is of order
TeV (by tuning a, see previous section) one finds B ≈ 10297. Therefore Γ is
extremely small (largely due to the small difference between the two minima)13;
the ground state is long lived enough to use this model as a starting point
for building realistic models, by adding physical fields, that have such ground
state along this field direction. However, we will show in section 5.2 that other
constraints coming from quantum anomalies render the model with p = 2 useless
for this purpose.
4.3.2 Connection with string theory
As supergravity theories appear as a low energy limit (where the string length
goes to zero) of string theory, it is an interesting question whether one can find
a UV-completion of this model in the context of string theory. Indeed, it turns
out that for b = 0, the scalar potential (4.24) reduces to
V = − κ
−4a2
(s+ s¯)2 +
4κ−4c2
(s+ s¯)3 . (4.35)
The potential (4.35) coincides with the one derived in [53] from D-branes in
non-critical strings. Indeed the second term corresponds to a disc contribution
proportional to the D-brane tension deficit δT¯ induced by the presence of
magnetized branes in type I orientifold compactifications, while the first term
13Usually values of B ≥ 400 are regarded as metastable enough [105].
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corresponds to an additional contribution at the sphere-level, induced from
going off criticality, proportional to the central charge deficit δc. More precisely,
in the Einstein frame (Mp = 1), the scalar potential in [53] is given by
Vnc = e2ϕ4δc+ e
3ϕ4
(2pi)3v1/26
δT¯ , (4.36)
where ϕ4 is the four-dimensional dilaton related to the ten-dimensional dilaton ϕ
by e−2ϕ4 = e−2ϕv6, and v6 is the six-dimensional volume given by v6 = V6(4pi2α′)3 .
By identifying e−ϕ4 = Re(s), one sees that the scalar potential (4.36) is indeed
of the form of equation (4.35). One can then identify δc and δT¯ as
δc = −κ
−4a2
4 ,
δT¯ = (2pi)
3v
1/2
6
2 κ
−4c2. (4.37)
Note that δc can become infinitesimally small only if it is negative [53], as is
needed for the existence of an anti-de Sitter vacuum in equation (4.36). The
potential has a minimum at 〈s+ s¯〉 = 6c2a2 , given by V(〈s〉) = −κ
−4a6
108c4 < 0.
It is interesting to note that a non-zero b implied by the most general
superpotential consistent with the shift symmetry allows one to find (metastable)
de Sitter vacua for certain values of the parameters, as is shown in section 4.2.2.
4.3.3 Linear-Chiral duality
Although the model (4.23) is formulated in terms of a chiral multiplet and a
vector multiplet, we show in this section how it can be reformulated in terms of
a linear multiplet (see section 2.1) and a vector multiplet. Because of the shift
symmetry (4.1) of the axion there exists a dual description where the axion is
described by an antisymmetric tensor bµν , which has a gauge symmetry given
by eq. (2.6), repeated here for convenience of the reader
bµν −→ bµν + ∂µbν − ∂νbµ.
In the context of string theory, it is this antisymmetric tensor that appears
in the massless spectrum as the supersymmetric partner of the dilaton. The
antisymmetric tensor is related to a field strength vµ by eq. (2.5) from which
divergenceless of the field strength (which is the Bianchi identity) eq. (2.4)
follows. Together with a real scalar l and a Majorana fermion χ, this real vector
vµ belongs to a linear multiplet L. It should be noted that the shift symmetry
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(4.1) of the axionic partner of the dilaton is a crucial ingredient for the duality to
work, since it is related to the gauge symmetry (2.6) which in turn is responsible
for the divergenceless of the field strength eq. (2.4).
Below, we present the dual version of the model (4.13) in the representation
where the superpotential is an exponential of S below for p = 2, which is to
our knowledge the first time the linear-chiral duality has been performed in
the presence of a non-trivial superpotential. The details of this calculation can
be found in Appendix B, where a superfield formalism is used in the globally
supersymmetric case, and the chiral compensator formalism is used in the locally
supersymmetric case.
The result eq. (B.49), repeated here for convenience of the reader, is given by
L =
[
−12
(
S0e
−gVR S¯0
)3
L−2
]
D
− [cLVR]D
+ 1
b
[(
T (L)− αW2)− (T (L)− αW2) ln(T (L)− αW2
abS30
)]
F
+ h.c.
+
[
βW2]
F
+ h.c., (4.38)
where the operations [ ]F and [ ]D are defined in eqs. (B.26) and (B.27)
respectively. Although in eq. (4.38) the multiplet L is an a priori unconstrained
multiplet, it is shown in the Appendix B that L indeed contains the degrees of
freedom of a linear multiplet. Moreover, it is shown that the (non-gravitational)
spectrum of this theory can be described, except for a gauge multiplet, in
terms of two real scalars l and w, where w is defined as Z = ρeiw, with Z the
θ2-component of L, and a Majorana fermion.
In particular, the F-term contribution to the scalar potential is given in terms
of l by
VF = κ−4a2eb/l
(
b2
2 − 2bl − l
2
)
, (4.39)
which on substitution of s+ s¯ = 1/l (see eq. (B.30)) indeed gives the F-term
contribution to the scalar potential in eq. (4.24).

Chapter 5
Anomalies in supergravity
theories with FI terms
Symmetries, and in particular gauge symmetries, play an important role in
quantum field theories. A symmetry of the classical Lagrangian is a field
transformation that leaves the Lagrangian, or rather the action, invariant.
Examples of such symmetries are the SU(3)× SU(2)× U(1) Standard Model
gauge group, Poincaré transformations or supersymmetry transformations. It is
an important question whether these symmetries still persist at the quantum
level. If the symmetry is violated in the quantum theory, it is said to be
anomalous. There are several ways to understand how such anomalies can arise.
For example, a violation of the classical action at the quantum level can be
seen in the functional integral formulation of quantum field theory. Here, the
symmetries of the (classical) action can be expressed in the Ward identities for
the correlation functions. An important assumption, however, is that not only
the Lagrangian, but also the integral measure is invariant under the symmetry.
When this is not the case, the symmetry is violated at the quantum level and
the symmetry is said to be anomalous and the Ward identities are violated1.
Alternatively, one can check whether a classically conserved current remains
conserved in the quantum theory. A current that is not conserved at the
quantum level indicates the presence of an anomalous contribution to the
quantum effective action. In practice, one can check whether fermion triangle
(Feynman) diagrams spoil current conservation at the quantum level [107].
1For an introduction to anomalies in quantum field theory, see for example [106].
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Finally, in computing Feynman diagrams, one is forced to introduce a
regularization. Often, it may happen that there exists no regularization that
preserves all symmetries. In this case, one can not guarantee that the Ward
identities (and thus the classical symmetries) are displayed in the renormalized
Green’s functions. If they do not, the theory is anomalous.
At this point it is important to distinguish between global and local symmetries:
An anomalous global symmetry of the action does not pose a problem to the
consistency of a theory; it merely implies that the classical selection rules are
not obeyed in the quantum theory. Consequently, certain classically forbidden
processes may occur.
The presence of an anomalous local symmetry on the other hand is disastrous
for the quantum consistency of any quantum field theory2. We should therefore
check, before investigating its low energy phenomenology in chapter 6, whether
the extra U(1)R gauge group introduced in the previous chapter in order to
obtain a tunable cosmological constant, can be consistently combined with the
MSSM in an anomaly-free way. Moreover, anomaly cancellation conditions can
impose strong constraints on a theory. Luckily, since our model has a scalar field
with a shift symmetry, we have the terms (4.9)) whose gauge transformation
can cancel certain anomalies, which is the Green-Schwarz mechanism.
The starting point in this chapter will be the work of Elvang, Freedman and
Körs [54, 55] on anomalies in supergravity theories with FI terms by using
the Fujikawa method [109]. We briefly summarize their results in section 5.1.
Although these results are correct, they are obscure from a field-theoretic point
of view. We present our work with I. Antoniadis and D. Ghilencea [56], where
the anomaly cancellation conditions of [55] are reformulated in such a way that
their interpretation can be interpreted and compared with a naive field-theoretic
approach, which is presented in Appendix C. These results are then applied in
section 5.2 to our the model with p = 2 (see section 4.2.2), and it is shown that
the anomaly cancellation condition are inconsistent with a TeV gravitino mass
which is necessary to have a viable low energy phenomenology. We conclude
this chapter in section 5.3 where we elaborate on the relation between quantum
anomalies and the generation of gaugino mass terms at one loop.
Section 5.1 is based on [56], while section 5.2 is based on [56,58], and section 5.3
is a result from [57].
2Luckily for the Standard Model, where one can a priori have anomalies for each of the
triangle diagrams corresponding to SU(3)2 × U(1), SU(2)2 × U(1), U(1)3 gauge bosons on
the external lines, and a mixed gravitational-U(1) anomaly, some miraculous cancellations
occur between the various anomalous contributions of its gauge symmetries within a fermion
generation (See for example [108], where this was originally shown for a four-quark version of
the Standard Model).
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5.1 Anomalies in supergravity theories with FI
terms
In the previous chapter we introduced a model that allows for a tunable
cosmological constant, while leaving the gravitino mass separately tunable. This
discussion however was limited to the classical level. As was elaborated in
the introduction, quantum consistency can lead to additional constraints on a
theory by imposing anomaly cancellation conditions. Such conditions can have
an important impact on a theory.
Anomaly cancellation in supergravity with an anomalous U(1) gauge symmetry
with Fayet-Iliopoulos terms and a Green-Schwarz mechanism were discussed in
the past in a general setting in [54,55]. This subject is certainly not new, but it
is worth revisiting since supergravity theories with Fayet-Iliopoulos couplings
appear for example as the effective four-dimensional effective theory in flux
compactifications of string theory [76].
In supergravity, the metric gαβ¯ is invariant under Kähler transformations (3.1).
In certain theories the Kähler potential is not a global scalar. Instead, it
can be defined locally in each coordinate chart, and the definitions of the
Kähler potentials in the different charts are related by a Kähler transformation.
Such a Kähler transformation however is accompanied by an appropriate axial
gauge transformation of the fermions in the model, which can be anomalous.
This so-called Kähler anomaly does not make the theory inconsistent at the
quantum level. Instead, in this section we focus on the situation where a gauge
transformation does not leave the Kähler potential invariant, but leaves a Kähler
transformation. This typically leads to Fayet-Iliopoulos terms (see section 3.1).
The accompanying transformations of the fermions can be anomalous and in
this section we review their anomaly cancellation conditions.
Here, we review the results of [55]. The relation and agreement of such results
to the “naive” field theory approach however, was not examined for the rather
special case of a gauged U(1)R. In fact, in global SUSY U(1)R can not even
be gauged. This can easily be seen from the commutation relations of the
supersymmetry algebra eqs. (2.16). In this section, we rewrite the results of [55]
in such a way that they can successfully be interpreted from a field-theoretic
point of view (which is reviewed in the Appendix C). This section, based on work
with D. Ghilencea and I. Antoniadis [56] is also relevant on its own, independent
of the rest of this thesis.
Below, we assume that the field content is that of minimal supergravity, including
a gauged U(1)R, and a dilaton multiplet S whose shift symmetry gives rise to a
Green-Schwarz mechanism (as for example in chapter 4, where in the Kähler
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basis with an exponential superpotential eq. (4.13) the gauged shift symmetry
is indeed a gauged R-symmetry). Additionally, we assume the presence of
additional MSSM-like superfields, and that the gauge symmetries are those
of the Standard Model gauge group times U(1)R. The anomaly cancellation
conditions for the cubic anomaly U(1)3R ((a) below), and the mixed anomalies
of U(1)R with the Kähler connection Kµ ((b), (c)), with the SM gauge group
(d) and gravity (e) are given by in eqs. (4.4) in Section 4 of [55]. These are3
(a) CC˜ : 0 = −Tr[(Q+ ξ/2)Q2]− ξ aKCC − c bC ,
(b) CK˜ : 0 = Tr
[
(Q+ ξ/2)Q
]
+ ξ aCKK − aKCC − c bCK ,
(c) KK˜ : 0 = −Tr[Q]+ 12 ξ (nλ + 3− nχ) + 4 aCKK − 4 c bK ,
(d) (FF˜ )A : 0 = Tr
[
Q (τaτ b)A
]− ξ2 [TG − TR]Aδab + 13 c bA δab,
(e) RR˜ : 0 = −Tr[Q]+ ξ2 (nλ − 21− nχ) + 8 c bgrav, (5.1)
where˜ labels the dual field strength defined in eq. (4.10). Here, the gauge
field (strength) of U(1)R is indicated by Cµ (Cµν) to distinguish its role from
the Standard Model gauge fields (strengths) Aµ (Fµν) (with group generators4
τa); A is a group index that runs over U(1)Y , SU(2)L, SU(3). The Kähler
connection Kµ essentially fixes the coupling of the gravitino. These three
fields are involved in the conditions (a), (b), (c), (d). Condition (e) is for
the mixed, U(1)R-gravitational anomaly. There is also the usual condition
Tr[τa{τ b, τ c}] = 0 for the Standard Model group generators.
In eqs. (5.1), nλ is the number of gauginos present (or equivalently, the number
of vector multiplets), nχ is the number of chiral multiplets which include both
the matter fermions and the dilatino5. The U(1)R-charges Q of the (scalar)
matter superfields are such that the Killing vector corresponding to U(1)R of a
(complex) scalar field zα in a chiral multiplet is given by
kαR = iQzα. (5.2)
Moreover in eqs. (5.1), κ−2ξ is the Fayet-Iliopoulos term6 corresponding with
3In [55, 56], the transformation of a field z with charge Q under an abelian gauge group is
defined as δz = exp(−iθQ)z. In this thesis, we follow the conventions of [59], where one uses
δz = exp(iθQ)z. As a result, in eq. (5.1) the signs of the charges (and FI-term) are flipped
compared to [55,56].
4Refs. [54, 55], as well as [59] use anti-hermitian Ta = −iτa, so we added a minus in front
of Tr in line (d) of eqs. (5.1).
5The dilatino is the fermionic component of the S-multiplet.
6Note that the contributions to eqs. (5.1) proportional to ξ are Planck suppressed compared
to the FI-term κ−2ξ.
ANOMALIES IN SUPERGRAVITY THEORIES WITH FI TERMS 59
U(1)R. Since U(1)R is an R-symmetry, the Standard Model gauginos, the
U(1)R gaugino and the gravitino are (unlike other types of anomalous U(1)’s)
all charged under U(1)R and their contribution to the anomalies should be
taken into account. Next, Trr(τaτ b) = TR δab is the trace over the irreducible
representations R, and facdf bcd = δabTG, with TG = N for SU(N) and 0 for
U(1). The terms in eqs. (5.1) proportional to ξ with coefficients +3 and −21,
in (c) and (e) respectively, denote the contributions of the gravitino to those
anomalies [110]. Finally, c is the Green-Schwarz coefficient and aKCC , aCKK
are coefficients of local counterterms that can be present (defined below).
The Kähler connection7
Kµ =
i
2κ
2 (∂µzα∂αK − ∂µz¯α¯∂α¯K)−AAµPA
= i2κ
2
(
∂ˆµz
α∂αK − ∂ˆµz¯α¯∂α¯K
)
+AAµ (rA − r¯A) (5.3)
transforms under gauge (δzα = kαAθA) and Kähler transformations (see
eqs. (3.1)) as
δKµ = −κ2∂µ
(
θAIm(rA) + Im(J)
)
. (5.4)
In eq. (5.3), the covariant derivative is defined as
∂ˆµz
α = ∂µ −AAµ kαA. (5.5)
To understand the role of the Kähler connection it is instructive to write down
the covariant derivatives of the gravitino ψµ, the gauginos λ and (MSSM-like)
matter fermions χ
Dµψν =
(
∂ν − i2Kµγ∗
)
ψν ,
Dµλ
A =
(
∂µ − i2Kµγ∗
)
λA −ACµ λBfABC ,
Dµχ
α =
(
∂µ +
1
2 iKµ
)
χα −AAµ
∂kαA
∂zβ
χβ , (5.6)
where we have omitted terms involving the ψ-torsion, the spin connection and
the Christoffel connection. As was discussed in chapter 3, the Kähler potential
and the superpotential are not invariant under an R-symmetry. Instead, a
7The Kähler connection differs with a factor 1/3 from the one in [59]. This factor has also
been taken into account in the covariant derivatives in eqs. (5.6).
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U(1)R gauge transformation leaves a Kähler transformation, given by eqs. (3.3)
and (3.4). Indeed, the contributions from the Kähler connection Kµ are taken
into account in the anomaly cancellation conditions eqs. (5.1). We will however
show below that the conditions (a), (b) and (c) can be reduced to the familiar
cubic anomaly condition, while the remaining two (independent) conditions can
be satisfied by a suitable choice of the counterterms aCKK and aKCC .
The local counterterms that come with coefficients aKCC , aCKK are [54,55]
LKC = 124pi2 
µνρσ [aCKK CµKν ∂ρKσ + aKCC Kµ Cν∂ρCσ] , (5.7)
and bC , bCK , bK , etc, of eqs. (5.1) are coefficients present in the Chern-Simons
terms [111–113]
LCS = 148pi2 Im(s) 
µνρσ∂µΩνρσ (5.8)
= 196pi2 Im(s) 
µνρσ [bCCµνCρσ + bCKCµνKρσ + bKKµνKρσ
+bA(FµνFρσ)A + bgravRµνRρσ] .
In the context of string theory some of the coefficients bC , bK , bCK , bgrav can be
related, as is the case for example in heterotic string theory (for bC and bgrav) and
they can therefore not be adjusted at will. However, since it is difficult to derive
a U(1)R from strings, this applies only to non-R anomalous U(1)’s. We therefore
relax this constraint and consider them to be independent. Additionally, we
assume that the dilaton (S) is the only (super)field that transforms nonlinearly
under the gauged U(1)R and it implements the Green-Schwarz mechanism. The
canonical normalization of the gauge kinetic term for the U(1)R gauge field (Cµ)
gives bC = 12pi2, while we assume that bK and bCK can in general be non-zero.
The supergravity anomaly cancellation conditions (5.1) are not transparent from
the “naive” field theory point of view for the anomalies of U(1)R. So let us clarify
the link between these conditions and the field theory result in Appendix C.
First, the U(1)R-charges of the fields are shown below (see Appendix C) and
depend on the FI term(s):
Rχ = Q+ ξ/2, Rλ = R3/2 = −ξ/2, Rχs = ξ/2, (5.9)
where Q are the charges of the scalar components of the matter superfields (see
eq. (5.2)); Rλ, R3/2 and Rχs are the charges of the gauginos λA, the gravitino
ψµ and the dilatino χs, respectively. Using this information, the first three
relations in eqs. (5.1) can be combined, after multiplying them by 4, −4ξ and ξ2
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respectively, and then adding them by using that Tr1 = nχ − 1. The result is8
Tr[R3χ] + nλR3λ + 3R33/2 +R3χs = −c
[
bC − ξbCK + ξ2bK
]
. (5.10)
On the lhs one recognizes the usual field theory cubic U(1)3R anomaly cancellation
condition in the presence of FI terms and Green-Schwarz mechanism, in which
all fermionic contributions are added and compensated by a Green-Schwarz
shift on the rhs: The trace includes all contributions from matter fermions. The
number of gauginos is nλ = 1+(8+3+1)=13 for the U(1)R× Standard Model
gauge group. Each gaugino has a contribution R3λ. The gravitino contribution
(+3)R33/2 is three times larger than that of one gaugino, as was shown in [110].
The above result has (with bC =12pi2 and bCK =bK =0) the same form as the
“naive” field theory result, eqs. (C.11) in Appendix C. This is interesting since
in global SUSY U(1)R can not even be gauged. Note however the difference in
the rhs due to ξbCK + ξ2bK . The terms in LCS of coefficients bK , bCK are not
present in the naive field theory case, and give extra freedom in canceling this
anomaly.
The two remaining independent conditions of constraints (a), (b), (c) in eq. (5.1),
refer to Kähler and mixed U(1)R-Kähler connection. They can always be
respected by a suitable choice of aKCC and aCKK of the local counterterms
shown and are not further discussed. One finds (by combining these two
remaining constraints with condition (e) in eq. (5.1)), that aCKK = −3ξ +
c(bK + 2bgrav), while aKCC is found from one of equations (a), (b), (c) in
eq. (5.1).
The last two conditions in eq. (5.1) can be re-written as
(FF˜ )A : Tr
[
Rχ(τaτ b)A
]
+ TGδabRλ = −(1/3)δabbAc,
RR˜ : Tr [Rχ] + nλRλ + (−21)R3/2 +Rχs = 8bgravc. (5.11)
The lhs of the first equation is exactly the naive field theory contribution from
the (MSSM) matter fermions, of Rχ = Q+ ξ/2, and the gauginos. In the second
equation, there are contributions of: the nλ gauginos of the Standard Model
and U(1)R gauge groups; the gravitino contribution ((−21) times that of a
gaugino [110]), the dilatino, and the trace is over all matter fermions. These
equations agree with the naive field theory result, eqs. (C.12) and (C.16) for
the corresponding anomalies. The rhs of the first equation also contains a
contribution bA from the counterterm due to the Green-Schwarz mechanism
in eq. (5.8). By supersymmetry, the gauge kinetic functions corresponding to
8“-1” in Tr1 = nχ − 1 isolates the dilatino from matter fermions (the charge Q of the
dilaton is 0), since nχ is the total amount of chiral multiplets, which includes the dilaton
multiplet S.
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the Standard Model gauge groups contain a linear contribution9 βAs, with
βA ≡ bA/(12pi2). The rhs of the second condition in eq. (5.11) indeed agrees
with eqs. (C.16) for bgrav = 12pi2βgrav. while in supergravity one is free to adjust
this coefficient (unlike in heterotic string case). This ends the relation of the
anomaly cancellation conditions to the naive field theoretical results (global
SUSY) obtained using the Tr over the charged states.
5.2 Consequences for the case p = 2
The above results can, in principle, be applied the model introduced in the
previous section, since in the Kähler frame where the superpotential is an
exponential of the scalar field s (see eq. (4.13)), the U(1) gauge symmetry
is an R-symmetry and the above results apply. Moreover, when the gauge
kinetic function has a linear contribution in s, which transforms under the shift
symmetry (4.1), the constant c can indeed be identified with the constant c in
the above section.
However, as we will show below, the anomaly cancellation conditions are much
simpler in the Kähler frame with a constant superpotential (see eq. (4.15)), and
we will therefore continue in this frame10. Here, in the case p = 2 the requirement
of the existence of a vanishing (or infinitesimally small and positive) minimum
of the potential forces the constant contribution to the gauge kinetic function to
vanish, which leaves only a linear contribution in s. The Lagrangian therefore
contains a Green-Schwarz counterterm eq. (4.9) and is not gauge invariant: The
gauge variation of the Lagrangian leaves a non-vanishing contribution given by
eq. (4.11).
One can however introduce another field z, which can either be a hidden sector
field or a MSSM field. This extra field z is assumed to have a canonical Kähler
potential and has a charge q under the U(1) and its anomalous contribution to
the Lagrangian cancels the Green-Schwarz contribution (4.11). The model is
given by
K = −2κ−2 log(s+ s¯) + κ−2b(s+ s¯) + zz¯,
W = κ−3a,
f(s) = βRs. (5.12)
9The quantity bA/12pi2 = βA plays the role of Kac-Moody levels in the heterotic string.
10Note however, that anomalies should cancel in both cases, which in fact has very interesting
consequences on the mass terms of the gauginos. This will be discussed in section 5.3.
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The scalar potential is given by
V = VF + VD,
VF = κ−4a2eK
(
σs + κ2zz¯
)
,
VD = 12βR(s+ s¯)
(
κ−2c
(
b− 2
s+ s¯
)
− qzz¯
)2
. (5.13)
where σs is defined in eq. (4.24). The mass of the field z is given by
m2z = m23/2(σs + 1) + κ−2
cq
β(s+ s¯)2 (2− α) , (5.14)
in the notation of section 4.2.2, where α = 〈s + s¯〉b ≈ −0.1832. The relation
between the parameters eq. (4.26), which ensures a vanishing cosmological
constant, can be generalized to include a nontrivial βR
bc2
βRa2
= A(α), (5.15)
where A(α) ≈ −0.0197 is given by eq. (4.27).
On the other hand, the anomalous contribution to the Lagrangian from cubic
U(1)R anomaly is given by
δL1−loop = − θ32pi2
CR
3 
µνρσFµνFρσ, (5.16)
where CR = Tr[Q3]. The total variation of the Lagrangian vanishes, i.e.
δL1−loop + δLGS = 0 (where δLGS is given in eq. (4.11)) if11
βR = − q
3
12pi2c . (5.17)
This fixes the sign12 of q and results in a negative D-term contribution to the
scalar mass squared of z, which by using eqs. (4.26) and (5.17) is
m2z = m23/2(σs + 1)− κ−2/3m 4/33/2 R(α),
R(α) =
(
12pi2A(α)(2− α)3e−2α
α2
)1/3
≈ 2.74. (5.18)
11Alternatively, this result can be obtained from eq. (5.10) by putting ξ = 0 (since the
symmetry is not an R-symmetry here), and by using Tr
[
R3χ
]
= q3, Tr
[
R3λ
]
= Tr
[
R33/2
]
= 0,
and by identifying bC = 12pi2βR.
12In fact, this fixes the sign of cq/βR in eq. (5.14), which is indeed the relevant quantity.
We however assume below that c > 0 without loss of generality.
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The constraint that the mass of z remains non-tachyonic,
m23/2(σs + 1) > κ−2/3m
4/3
3/2 R(α), (5.19)
forces the mass of the gravitino to exceed the Planck scale
m3/2 >
R(α)
σs + 1
κ−1 ≈ 7.16 κ−1. (5.20)
One concludes that the model with p = 2 can not be consistently made gauge
invariant by the introduction of an extra field charged under U(1)R. The above
argument can easily be generalized to include several charged fields (unless their
number becomes extremely large). Since the case p = 1 is consistent with a
constant contribution to the gauge kinetic function, this problem does not occur
here, and this model can be used to calculate the low energy spectrum of the
model in chapter 6.
5.3 Anomalies and gaugino masses
In this section we comment on the relation between the quantum anomalies and
the gaugino mass terms that are generated at one loop as a consequence of the
necessary counterterms. Although this work, based on [57], will turn out very
useful when calculating the gaugino masses of our model in chapter 6, it is also
a very relevant result, independently of the rest of the thesis. We explain how
at one loop there are two contributions to the gaugino mass parameters. On
the one hand, one has a contribution necessary to maintain invariance under
supersymmetry transformations, accompanying the Green-Schwarz terms that
are present to cancel the mixed U(1)R anomalies with the Standard Model gauge
groups. On the other hand, there are contributions to the mixed anomalies
due to a mechanism called anomaly mediation [79–83]. The total one-loop
contribution to the gaugino masses is the sum of both contributions.
In a similar way as was done for the cubic U(1)3R anomaly and its corresponding
Green-Schwarz counterterm in the previous section, one also has to take into
account the mixed U(1)R × G anomalies, where G stands for the Standard
Model gauge groups. The anomalous contributions to the gauge variation of
the Lagrangian are proportional to CA,
CAδab = Tr
[
Rχ(τaτ b)A
]
+ TGδabRλ , (5.21)
where as above A = Y, 2, 3 labels the Standard Model gauge groups.
Here, we focus on the case where none of the MSSM fields carries a charge under
U(1)R, and postpone the discussion on the case where the MSSM superfields
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carry a non-zero charge to chapter 7. In this case, in the Kähler frame with a
constant superpotential all charges vanish and all CA = 0. In the Kähler frame
with an exponential superpotential (4.13) however, the R-charge of the matter
fermions is Rχ = bc/2, while the gauginos carry a charge Rλ = −bc/2, such
that eq. (5.21) can be rewritten as
CA = bc2 (TR − TG) . (5.22)
As a reminder, TG is the Dynkin index of the adjoint representation, normalized
to N for SU(N) and 0 for U(1), and TR is the Dynkin index associated with
the representation R of dimension dR, equal to 1/2 for the SU(N) fundamental.
For U(1)Y we have TG = 0 and TR = 11, for SU(2) we have TG = 2 and TR = 7,
and for SU(3) we have TG = 3 and TR = 6.
Anomaly cancellation (see section 5.1) then requires that
βA =
CA
4pi2c , (5.23)
where βA appear in the gauge kinetic terms for the Standard Model gauge
bosons as
fA(s) =
1
g2A
+ βAs,
and gA are the gauge couplings. Since the gaugino masses are proportional
to derivatives of their respective gauge kinetic functions (see eq. (3.12)), the
Green-Schwarz counterterms lead to contributions to the gaugino mass terms
MA = −g
2
A
2 e
κ2K/2∂αfA(s)gαβ¯∇¯β¯W¯
= −g
2
A
2 e
κ2K/2βAg
ss¯∇¯s¯W¯ . (5.24)
By using the anomaly cancellation conditions (5.23), this can be rewritten as
MA = − g
2
A
16pi2 b(TG − TR)e
κ2K/2gss¯∇¯s¯W¯ . (5.25)
where it is taken into account that the masses of the MSSM gauginos calculated
by (3.12) need a rescaling proportional to g2A due to their non-canonical kinetic
terms:
L/e = −12Re(f)Aλ¯
ADλA
= −12
(
1
g2A
+ βA
α
b
)
λ¯ADλA, (5.26)
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where βA αb << g
−2
A if the gauge coupling is in the perturbative region. One
concludes that an ’anomalous’ U(1)R can give a contribution (at one loop) to
the mass of the gauginos.
It is assumed that the Standard Model superfields are inert under U(1)R. In
this case, their only contribution to the anomaly cancellation conditions comes
from the respective R-charges of the fermions in the multiplets. In the Kähler
representation with a constant superpotential eqs. (4.15) the shift symmetry
is not an R-symmetry. As a result, βA = 0 and the gaugino masses vanish.
On the other hand, in the representation with an exponential superpotential
eqs. (4.13) the shift symmetry is an R-symmetry. In general, the R-charges of
the Standard Model fermions contribute to the anomaly cancellation conditions
which results in a non-zero βA, and consequently non-vanishing gaugino masses.
It is curious that the gaugino masses vanish for the model (4.15), while the
classically equivalent model (4.13) which is related by a Kähler transformation
has non-zero gaugino masses. This creates a puzzle on the quantum equivalence
of these models. The answer to this puzzle is based on the fact that gaugino
masses are present in both representations and are generated at one loop level
by an effect called anomaly mediation [79–83]. Indeed, it has been argued
that gaugino masses receive a one-loop contribution due to the super-Weyl-
Kähler and sigma-model anomalies13. These contributions are different in both
representations, and we will show below that the difference accounts exactly for
the contributions (5.26).
The contribution from anomaly mediation to the gaugino masses is given by [83]
g2
16pi2
[
(3TG − TR)m3/2 + (TG − TR)KαFα + 2TR
dR
(log detK|R ′′),αFα
]
,
(5.27)
where an implicit sum over all matter representations R is understood. The
expectation value of the auxiliary field Fα, evaluated in the Einstein frame is
given by
Fα = −eκ2K/2gαβ¯∇¯β¯W¯ . (5.28)
In eq. (5.27), the first term proportional to the one-loop beta function coefficient
3TG − TR is always present in a gravity mediated supersymmetry breaking
scenario, and is in fact the main ingredient of anomaly mediated supersymmetry
breaking scenarios [79–83]. The second term is only present when a hidden
sector field acquires a Planck scale VEV. In the third term, K′′R is the Kähler
13This can also be seen in [114]: since a Kähler transformation is anomalous, there are in
general additional contributions to the effective action at the quantum level.
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metric restricted to the representation R, and (log detK|R ′′),α therefore vanishes
for any MSSM-like fields with a canonical Kähler potential.
Since the Kähler potential in eqs. (4.13) and (4.15) differ by a linear term
b(s+ s¯), the contribution of the second term in eq. (5.27) differs by a factor
δMA = − g
2
A
16pi2 (TG − TR)be
κ2K/2gαβ¯∇¯β¯W¯ , (5.29)
which exactly coincides with eq. (5.25).
We conclude that even though the models (4.13) and (4.15) differ by a (classical)
Kähler transformation, they generate the same gaugino masses at one loop
given by the sum of the Green-Schwarz contribution eq. (5.25) and the anomaly
mediated contribution eq. (5.27). While the one-loop gaugino masses for the
model (4.15) are generated entirely by eq. (5.25), the gaugino masses for the
model (4.13) which is related by a Kähler transformation have a contribution
from eq. (5.27) as well as from a field dependent gauge kinetic term whose
presence is necessary to cancel the mixed U(1)R ×G anomalies. This is due to
the fact that the extra U(1) has become an R-symmetry giving an R-charge to
all fermions in the theory.

Chapter 6
Soft terms and
phenomenology
In chapter 4, a model was introduced based on a gauged shift symmetry of the
dilaton that allows for a tunably small and positive value for the cosmological
constant. Moreover, in section 4.3, we made contact between this model and a
possible UV-completion in the context of string theory for a particular value
of the parameters. By studying the quantum consistency of such models in
chapter 5, we showed that for p = 2 the gravitino mass becomes unacceptably
large (since it exceeds the Planck scale) due to the anomaly cancellation
conditions. For p = 1 however, a value of the gravitino mass of the TeV
scale is allowed, and we therefore continue with p = 1.
In this chapter, we calculate the low energy phenomenology and look for possible
experimental signatures of this model. We assume that the MSSM fields are
inert under the shift symmetry, and postpone a discussion on a charged MSSM
to chapter 7. The model which was introduced in chapter 4 will be used as a
hidden sector for supersymmetry breaking, where the breaking of supersymmetry
is communicated to the visible sector (MSSM) via gravity mediation. In the
simplest case however the resulting scalar masses are tachyonic. We show that
this can be avoided, without modifying the main properties of the model, by
introducing either a new ‘hidden sector’ field participating in the supersymmetry
breaking, similar to the Polónyi field [115], or by introducing dilaton dependent
matter kinetic terms for the MSSM fields. In both cases an extra parameter
is introduced with a narrow range of values in order to satisfy all required
constraints. All scalar soft masses and trilinear A-terms are generated at the
tree-level and are universal under the assumption that matter kinetic terms
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are independent of the ‘Polónyi’ field, while gaugino masses are generated at
the quantum level, via the so-called anomaly mediation contributions, and are
naturally suppressed compared to the scalar masses.
It follows that the low energy spectrum is very particular and can be
distinguished from other models of supersymmetry breaking and mediation,
such as mSUGRA and mAMSB. It consists of light neutralinos, charginos and
gluinos, where the experimental bounds on the (mostly bino-like) LSP and the
gluino force the gravitino mass to be above 15 TeV and the squarks to be very
heavy (above 13 TeV), with the exception of the stop squark which can be as
light as 2 TeV.
This chapter is organized as follows: In section 6.1 we show that the simplest
model with p = 1 results in negative scalar soft masses squared. A first solution
to this problem, based on an extra Polónyi-like field is presented in section 6.2.
The resulting low energy spectrum is then calculated in section 6.3 for various
values of the extra parameter γ and it is shown that the spectrum can be
distinguished from other minimal models of supersymmetry breaking. Finally,
in section 6.4 another possible solution to the tachyonic masses is presented.
However, since the low energy spectrum is expected to be very similar, we do
not elaborate on its low energy phenomenology. This chapter is based on work
together with I. Antoniadis [57].
6.1 Problem of tachyonic masses
The model with p = 1 was introduced in section 4.2.1. There it was shown that
the relations between the parameters a, b, c in eqs. (4.20) ensure an infinitesimally
small and positive cosmological constant, while the gravitino mass, given by
eq. (4.22), is separately tunable.
If one now adds an MSSM-like field ϕ with a canonical Kähler potential, and
invariant under U(1)R,
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯) +
∑
ϕϕ¯,
W = κ−3a+WMSSM , (6.1)
where WMSSM is the MSSM superpotential defined in eq. (2.13). The soft
scalar mass squared at 〈ϕ〉 = 〈ϕ¯〉 = 0 is negative, given by
∂ϕ∂ϕ¯V|〈ϕ〉=0 = |a|2b
eα
α
(〈σs〉+ 1) < 0 , (6.2)
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where σs is defined in eq. (4.17), α ≈ −0.233 and b is assumed to be negative
which is necessary to allow for a de Sitter minimum. Since 〈σs〉 ≈ −1.48, any
non-zero solutions 〈ϕ〉 6= 0 of ∂ϕV = 0 would mean that the field ϕ contributes
in general to the supersymmetry breaking. We conclude that the model on
its own can not be consistently extended to include the MSSM with canonical
kinetic terms. To circumvent this problem, one can add an extra hidden sector
field which contributes to (F-term) supersymmetry breaking.
This will be worked out in full detail in the following sections. However, we will
show in section 6.4 that the above problem of tachyonic soft masses can also be
solved if one allows for a non-canonical Kähler potential in the visible sector,
which gives an additional contribution to the masses through the D-term.
6.2 An extended model with extra Polónyi-like field
6.2.1 Tuning of the parameters
As described above, the model (with p = 1 and a field independent gauge
kinetic function) presented there would give a tachyonic mass to any MSSM-like
fields (that are invariant under the shift symmetry and have a canonical Kähler
potential). In this section we add an extra hidden sector field z (similar to the
so-called Polónyi field [115]) to circumvent this problem. Note that this choice
is not unique and that the problem can also be circumvented by allowing a
non-canonical Kähler potential for the MSSM fields (see section 6.4).
The Kähler potential, superpotential and gauge kinetic function are given by
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯) + zz¯,
W = κ−3a(1 + γκz),
f(s) = 1 , (6.3)
with γ an additional constant parameter. The scalar potential is
V = VF + VD,
VF = κ−4|a|2 e
b(s+s¯)+κ2zz¯
s+ s¯ (σsA(z, z¯) +B(z, z¯)) ,
VD = κ−4 c
2
2
(
b− 1
s+ s¯
)2
, (6.4)
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where
A(z, z¯) = |1 + γκz|2 ,
B(z, z¯) =
∣∣γ + κz¯ + γκ2zz¯∣∣2 . (6.5)
We focus on real z = z¯ = κ−1t (we will confirm below that the imaginary part
of the VEV of z indeed vanishes):
A(t) = (1 + γt)2,
B(t) = (γ + t+ γt2)2 ; (6.6)
∂tV = 0 then gives
0 =γ(σs + 1) + (σs + 1 + γ2(σs + 2))t+ γ(2σs + 5)t2
+ (1 + γ2(σs + 4))t3 + 2γt4 + γ2,
σs =− 3 + (α− 1)2, α = b〈s+ s¯〉. (6.7)
As before, ∂sV = 0 implies
c2
a2
= α
b
eα+t
2 [
A(t)(2− α2)−B(t)] . (6.8)
This can be combined with V = 0
c2
a2
= −2α
b
eα+t
2
[
σsA(t) +B(t)
(α− 1)2
]
, (6.9)
to give
0 = A(t)
(
σs − 12(α− 1)
2(α− 2)
)
+B(t)
(
1− 12(α− 1)
2
)
. (6.10)
In principle for any value of γ, a Minkowski minimum can be found by solving
eqs. (6.7) and (6.10) for α and t, and then tuning the parameters a,b and c by
using the relation (6.9).
The role of the extra hidden sector field z is to give a (positive) F-term
contribution to the scalar potential, which in turn gives a positive contribution
(proportional to |∇zW |2) to the soft mass squared of any MSSM-like field in
eq. (6.2). It turns out that the addition of the extra hidden sector field z indeed
results in positive soft masses squared.
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It is however necessary that z contributes to the supersymmetry breaking. The
existence of any minimum of the potential with |∇zW |2 = 0 can be troublesome1
and we therefore require
∇zW = ∂zW + κ2KzW = a (γ + z¯(1 + γz)) 6= 0. (6.11)
Since γ is real, any root of ∇zW = 0 is also real. To ensure the condition (6.11)
we must ensure that the roots Re(z) = (−1±√1− 4γ)/4γ are complex. This
requires |γ| > 1/2.
Also, for any γ the solution (α, t) of the set of equations (6.7) and (6.10) should
give a positive right-hand side of eq. (6.8) (or equivalently, eq. (6.9)). This
constraint leads to γ < 1.707. We conclude that
γ ∈ [0.5, 1.707] . (6.12)
For example, for γ = 1, we have b〈s + s¯〉 = α ≈ −0.134014, 〈t〉 = 0.39041.
The (negative) constant b can be chosen freely to fix the VEV of Re(s). The
parameters a and c should be tuned carefully according to
bc2
a2
= −2αeα+t2
[
σsA(t) +B(t)
(α− 1)2
]
≈ −0.1981. (6.13)
Note that the number on the right-hand side changes when γ is varied. The
remaining free parameter a can be used to tune the supersymmetry breaking
scale and (as shown below) the soft masses for the MSSM-like fields compared
to the gravitino mass depend slightly on γ (provided c and a are also tuned
according to eq. (6.8)). We summarize the VEVs of α and t, together with the
above constraint on the parameters for the particular choice γ = 1 below for
future reference
γ = 1, α ≈ −0.134014, 〈t〉 ≈ 0.39041, bc
2
a2
≈ −0.1981 . (6.14)
For γ in the allowed parameter range (6.12), the scalar potential is positive
definite for all Re(s) > 0, z, z¯, including the imaginary part of z, which justifies
our assumption to look for a Minkowski minimum with Im(z) = 0. In fact, for
the allowed values of γ, the solution of the set of equations (6.7) and (6.10)
together with ∂Im(z)V = 0 gives Im(z) = 0 as a solution.
1The Polónyi-like field z was originally introduced to circumvent the problem of the
tachyonic soft scalar masses outlined in section 6.1. Its role is to give an extra contribution to
the scalar potential, proportional to |∇zW |2, such that the scalar soft masses squared (see
eq. (6.2)) become positive. The existence of a minimum of the potential with |∇zW |2 = 0
can therefore be troublesome since in this vacuum one has tachyonic soft scalar masses for
any MSSM-like fields.
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Finally, note that this Minkowski minimum can be lifted to a dS vacuum with
an infinitesimally small cosmological constant by a small increase in c. A
cosmological constant Λ can be obtained by replacing the condition (6.13) with
c2
a2
= −2α
b
eα+t
2
[
σsA(t) +B(t)
(α− 1)2
]
+ 2α
2
(α− 1)2
κ4Λ
a2b2
. (6.15)
6.2.2 Masses of the hidden sector fields
The gravitino mass is given by
m3/2 = κ−1a
√
b
α
eα/2+t
2/2 (1 + γt) . (6.16)
Note that this can be arranged to be at the TeV scale (to obtain a viable low
energy sparticle spectrum) by suitably tuning a. For example, for γ = 1, such
that α and t are given by eq. (6.14) and m3/2 = 1 TeV, we have
a
√
b ≈ 3.53× 10−17. (6.17)
Since the VEV of Im(z) vanishes, it does not mix with the other hidden sector
scalars and its mass is given by
m2Im(z) = m23/2 fIm(z), (6.18)
fIm(z) =
2
(
1 + 2t3γ + t4γ2 + σs + 2tγ(2 + σs) + γ2(3 + σs) + t2
(
1 + γ2(4 + σs)
))
(1 + γt)2 .
However, the masses of the scalars Re(s) and Re(z) mix, so one should
diagonalize their mass matrix (with eigenvalues mts1 and mts2) while taking in
account the non-canonical kinetic term for s. We omit the details and merely
state the result for the particular choice of parameters γ = 1 in eq. (6.14):
mIm(z) ≈ 1.21 m3/2,
mts1 ≈ 4.34 m3/2,
mts2 ≈ 1.08 m3/2. (6.19)
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The imaginary part of s is eaten by the U(1) gauge boson, which becomes
massive. Its mass is given by2:
mAµ = κ−1
√
2bc
α
≈ 1.23 m3/2, (6.20)
where the last line was obtained by the relation between the parameters eq. (6.13)
and by substituting the numerical values for γ = 1 eq. (6.14).
The Goldstino, which is a linear combination of the gaugino, the z-fermion and
the s-fermion, is eaten by the gravitino, which in turn becomes massive. The
masses of the remaining two hidden sector fermions are calculated in Appendix
A.1.3 and their values for γ = 1 are given by
mχ1 ≈ 2.57 m3/2,
mχ2 ≈ 0.12 m3/2. (6.21)
6.2.3 Soft supersymmetry breaking terms
We are now ready to couple the model above, which allows for a TeV gravitino
and an infinitesimally small cosmological constant, to the MSSM and to calculate
its soft breaking terms.
As was already mentioned, for simplicity, we take the MSSM-like fields ϕα to
be chargeless3 under U(1)R. These can then be coupled to the above model in
the following way:
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯) + zz¯ +
∑
α
ϕϕ¯,
W = κ−3a(1 + γκz) +WMSSM(ϕ),
fR(s) = 1, fA(s) = 1/g2A. (6.22)
The various chiral multiplets in the MSSM are labeled by an index α, which is
omitted for simplicity. As before, the Standard Model gauge groups are labeled
by an index A, while the extra U(1) is referred to with an index R. All gauge
kinetic functions are taken to be constant.
2The result (6.20) is obtained by substituting 〈s+ s¯〉 = α/b in eq. (A.16) and by putting
p = 1. For more details, see the Appendix A.2.
3For a charged MSSM, see section 7.1
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The scalar potential is now given by
V = VF + VD,
VF = κ−4 e
b(s+s¯)+zz¯+ϕϕ¯
s+ s¯
(
σsA(z, z¯, ϕ, ϕ¯) +B(z, z¯, ϕ, ϕ¯) + κ4
∑
α
|∇αW |2
)
,
VD = κ−4 c
2
2
(
b− 1
s+ s¯
)2
, (6.23)
where
A(z, z¯, ϕ, ϕ¯) =
∣∣a+ aγκz + κ3WMSSM∣∣2
B(z, z¯, ϕ, ϕ¯) =
∣∣aγ + κz¯(a+ aγz + κ3WMSSM)∣∣2
|∇αW |2 =
∣∣∂αWMSSM + κ2ϕ¯W ∣∣2 . (6.24)
It can be easily seen that the resulting scalar potential has a minimum at
〈ϕ〉 = 〈WMSSM〉 = 0, in which case the potential of last section is reproduced and
its conclusions are still valid. For example, A(z, z¯, ϕ, ϕ¯)|〈z〉=κt,〈ϕ〉=0 = a2A(t)
and B(z, z¯, ϕ, ϕ¯)|〈z〉=κt,〈ϕ〉=0 = a2B(t), where A(t) and B(t) are defined in
eqs. (6.6). The second derivatives of the potential, evaluated on the ground
state are given by
∂ϕ∂ϕ¯V = κ
−2a2beα+t
2
α
[
(σs + 1)A(t) +B(t) + κ2WϕϕW¯ϕ¯ϕ¯
]
,
∂ϕ∂ϕV = κ
−1abWϕϕeα+t
2
α
[
(σs + 2)(1 + γt) + t(γ + t+ γt2)
]
. (6.25)
There is no mass mixing between the different ϕα (except of course for the B0
term defined below) and between the MSSM fields with z and s. The MSSM
superpotential is defined in eq. (2.13). Note that in the scalar potential eq. (6.23)
the MSSM F-terms
∑
α |∇αW |2 come with a prefactor exp(α+ t2)b/α (where
the fields have been replaced by their VEVs). To bring this into a conventional
form, one should rescale the MSSM superpotential (see also eq. (3.25))
WˆMSSM =
√
b
α
eα/2+t
2/2 WMSSM . (6.26)
Then the squark and slepton soft masses are given by
m2
Q˜
= m2˜¯u = m
2
˜¯d
= m2
L˜
= m2˜¯e = m
2
0 I,
m20 = κ−2ba2
eα+t
2
α
[A(t) (σs + 1) +B(t)] . (6.27)
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Here, I is the unit matrix in family space. The trilinear couplings are given by
au = A0yˆu, ad = A0yˆd, ae = A0yˆe,
A0 = κ−1a
√
b
α
e(α+t
2)/2 [(σs + 3)(1 + γt) + t(γ + t+ γt2)] , (6.28)
where yˆu, yˆd and yˆe are the Yukawa couplings of the MSSM superpotential after
the rescaling of eq. (6.26). Also,
m2Hu = m
2
Hd
= m20, (6.29)
and
B0 = κ−1a
√
b
α
e(α+t
2)/2 [(σs + 2)(1 + γt) + t(γ + t+ γt2)] , (6.30)
where B0 generates a term proportional to −µˆB0Hu ·Hd + h.c., where µˆ is the
rescaled µ-parameter (in the sense of eq. (6.26)). Summarized, in terms of the
gravitino mass (eq. (6.16)), the MSSM soft terms are given by
m20 = m23/2
[
(σs + 1) +
(γ + t+ γtt)2
(1 + γt)2
]
,
A0 = m3/2
[
(σs + 3) + t
(γ + t+ γt2)
1 + γt
]
,
B0 = m3/2
[
(σs + 2) + t
(γ + t+ γt2)
(1 + γt)
]
. (6.31)
Note the relation [84]
A0 = B0 +m3/2,
as in eq. (3.28).
At tree level, the gaugino mass terms are given by eq. (3.12), which is
proportional to the derivative of the gauge kinetic function. Since the gauge
kinetic functions are constant, they vanish at tree-level
mAB |tree = 0. (6.32)
At one loop however, the ’anomaly mediated’ gaugino mass contribution, given
by eq. (5.27), becomes
MA = − g
2
16pi2m3/2
[
(3TG − TR)− (TG − TR)
(
(α− 1)2 + tγ + t+ γt
2
1 + γt
)]
,
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where the relation for the gravitino mass eq. (6.16) was used. The different
gaugino mass parameters this gives (in a self-explanatory notation) are4
M1 = 11
g2Y
16pi2m3/2
[
1− (α− 1)2 − t(γ + t+ γt)1 + γt2
]
,
M2 =
g22
16pi2m3/2
[
1− 5(α− 1)2 − 5 t(γ + t+ γt
2)
1 + γt
]
,
M3 = −3 g
2
3
16pi2m3/2
[
1 + (α− 1)2 + t(γ + t+ γt
2)
1 + γt
]
. (6.33)
For example, if we choose γ = 1 (as in eq. (6.14)) the above equations give
M1 ≈ 0.05 g2Y m3/2,
M2 ≈ 0.048 g22 m3/2,
M3 ≈ 0.052 g33 m3/2. (6.34)
If we now assume that the gauge couplings unify at some unification scale
5
3g
2
Y ≡ g21 = g22 = g23 = 0.51, we get the gaugino masses at this scale
M1 ≈ 0.015 m3/2,
M2 ≈ 0.025 m3/2,
M3 ≈ 0.026 m3/2. (6.35)
The gaugino masses for other values of γ are listed in table 6.1 below.
Note that in a similar way, the trilinear terms A0 also receive corrections
proportional to
δAijk = −12 (γi + γj + γk)m3/2, (6.36)
4The gaugino masses eqs. (6.33) can equivalently be calculated in the Kähler representation
of the model where the superpotential is an exponential, as in eqs. (4.13). Since in this
representation the shift symmetry becomes an R-symmetry, all fermions in the model (including
Standard Model fermions) carry an R-charge and one has to take into account the anomaly
cancellation conditions of chapter 5. A Green-Schwarz mechanism is necessary to cancel
anomalies, which requires a linear contribution to the gauge kinetic functions. This field-
dependent gauge kinetic function results in a contribution to the gaugino mass parameters,
given by [57]
Mˆ1 =
11
16pi2
bg2Y e
α/2(α− 1), Mˆ2 = 516pi2 bg
2
2e
α/2(α− 1), Mˆ3 = 316pi2 bg
2
3e
α/2(α− 1).
The total gaugino mass parameters are then given by the sum of the above contribution and
eq. (5.27), which give the same result given in eq. (6.33). It was shown in section 5.3 that
this equivalence is true in a more general case.
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where the γ’s are the anomalous dimensions of the corresponding cubic term
in the superpotential. These contributions however are small compared to the
tree-level value in eq. (6.31).
Although the gaugino masses are generated at one-loop, our model is very
different from an mAMSB [79–83] scenario: In mAMSB, the second and third
term in eq. (5.27) are missing due to the absence of hidden sector fields with a
Planck scale VEV. In our model however, the second term in eq. (5.27) is present
because of the non-vanishing F-terms of the s and z fields, and has the effect
that it raises the gaugino masses slightly to the order M1/2 ≈ 2× 10−2 m3/2
compared to M1/2 ≈ 10−2 − 10−3 m3/2 for a mAMSB where only the first
term in eq. (5.27) is non-vanishing. Another important difference is that we
have M1 < M2 which results in a mostly bino-like LSP, compared with a
mostly wino-like LSP in mAMSB. Note also that we do not have any danger of
tachyonic scalar soft masses because of the presence of a tree-level soft mass
m0 in eqs. (6.31). We also have tree-level trilinear couplings A0, which are not
present in the mAMSB.
Our model is also different from the minimal supergravity mediated scenario
(mSUGRA) [77]. Indeed, in mSUGRA gaugino masses are imposed to be equal
at tree-level at the GUT unification scale M3 : M2 : M1 = g23 : g22 : g21
of the order m0 (plus or minus an order of magnitude), while our model has
vanishing tree-level gaugino masses. They are generated at one-loop and do not
satisfy the above relation. Since the gaugino masses are generated at one-loop
they are much smaller than the other soft terms.
We conclude that although the soft terms m0, A0 and B0 = A0 − m3/2 are
similar to an mSUGRA scenario, the anomaly mediated gaugino masses (which
have on top of the usual AMSB contribution proportional to the beta function
another contribution from the Planck scale VEVs of s and z) are not universal
and are much smaller. Therefore, the particle spectrum will resemble much
more the spectrum of a mAMSB scenario, with the important difference that
the lightest neutralino is bino-like instead of wino-like (See section 6.3).
6.3 Low energy spectrum
The results for the soft terms calculated in the previous section, evaluated for
different values of the parameter γ, are summarized in table 6.1. For every γ,
the corresponding t and α are calculated by imposing a vanishing cosmological
constant by eqs. (6.8) and (6.9). The scalar soft masses and trilinear terms are
then evaluated by eqs. (6.31) and the gaugino masses by eqs. (6.33). Note that
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the relation (3.28), namely A0 = B0 −m3/2, is valid for all γ. We therefore do
not list the parameter B0.
γ t α m0 A0 M1 M2 M3 tan β tan β
µ > 0 µ < 0
0.6 0.446 -0.175 0.475 1.791 0.017 0.026 0.027
1 0.409 -0.134 0.719 1.719 0.015 0.025 0.026
1.1 0.386 -0.120 0.772 1.701 0.015 0.024 0.026 46 29
1.4 0.390 -0.068 0.905 1.646 0.014 0.023 0.026 40 23
1.7 0.414 -0.002 0.998 1.588 0.013 0.022 0.025 36 19
Table 6.1: The soft terms (in terms of m3/2) for various values of γ. If a solution
to the RGE exists, the value of tan β is shown in the last columns for µ > 0
and µ < 0 respectively.
In most phenomenological studies, B0 is substituted for tan β, the ratio between
the two Higgs VEVs, as an input parameter for the RGEs that determine the
low energy spectrum of the theory. Since B0 is not a free parameter in our
theory, but is fixed by eq. (3.28), this corresponds to a definite value of tan β.
For more details see [116,117] (and references therein). The corresponding tan β
for a few particular choices for γ are listed in the last two columns of table 6.1
for µ > 0 and µ < 0 respectively. No solutions were found for γ . 1.1, for both
signs of µ.
Some characteristic masses [118] for γ = 1.4 as a function of the gravitino
mass are shown in figure 6.1. A lower experimental bound of 1 TeV for the
gluino mass (vertical dashed line) forces m3/2 & 15 TeV. On the other hand,
for µ > 0 (µ < 0) no viable solution for the RGE was found when m3/2 & 30
TeV (m3/2 & 35 TeV). We conclude that (for γ = 1.4)
15 TeV . m3/2 . 30 TeV for µ > 0,
15 TeV . m3/2 . 35 TeV for µ < 0. (6.37)
As we will see below, these upper bounds can differ for different choices of γ.
In figure 6.2, the same spectrum is plotted as a function of γ for m3/2 = 25 TeV.
As one can see, the stop mass varies heavily with γ, and can become relatively
light when γ ≈ 1.1. For all values of γ the LSP is given by the lightest neutralino
and since M1 < M2 (see table 6.1) the lightest neutralino is mostly bino-like,
in contrast with a typical mAMSB scenario, where the lightest neutralino is
mostly wino-like [82].
To get a lower bound on the stop mass, the sparticle spectrum is plotted in
figure 6.3 (left) as a function of the gravitino mass for γ = 1.1 and µ > 0 (for
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Figure 6.1: The masses (in TeV) of the sbottom squark (orange), the stop
squark (black), the gluino (red), the lightest chargino (green) and the lightest
neutralino (blue) as a function of the gravitino mass for γ = 1.4 and for µ > 0
(left) and µ < 0 (right). The mass of the lightest neutralino varies slightly
between 42 GeV (46 GeV) for m3/2 = 10 TeV and 138 GeV (149 GeV) for
m3/2 = 30 TeV for µ > 0 (µ < 0). The vertical dashed line at m3/2 ≈ 15 TeV
indicates the exclusion limit (lower bound) on the gluino mass.
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Figure 6.2: The masses (in TeV) of the sbottom squark (orange), the stop
squark (black), the gluino (red), the lightest chargino (green) and the lightest
neutralino (blue) as a function of γ for m3/2 = 25 TeV and for µ > 0 (left) and
µ < 0 (right). No solutions for the RGE were found for γ < 1.1. Notice that
for γ → 1.1 the stop mass becomes relatively light.
µ < 0 the bound is higher). As above, the experimental limit on the gluino
mass forces m3/2 & 15 TeV. In this limit the stop mass can be as low as 2 TeV.
To obtain an upper bound on the stop mass on the other hand, the sparticle
spectrum is plotted in figure 6.3 (right) for γ = 1.7 and µ > 0. Above a gravitino
mass of (approximately) 30 TeV, no solutions to the RGE were found. In this
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limit the stop mass is about 15 TeV.
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Figure 6.3: The masses (in TeV) of the sbottom squark (yellow), the stop squark
(black), the gluino (red), the lightest chargino (green) and the lightest neutralino
(blue) as a function of m3/2 for γ = 1.1 (left) and for γ = 1.7 (right), for µ > 0.
For γ = 1.1 (left) no solutions to the RGE were found when m3/2 & 45 TeV,
while for γ = 1.7 (right) no solutions were found when m3/2 & 30 TeV. The
lower bound corresponds in both cases to a gluino mass of 1 TeV.
To conclude, the lower end mass spectrum consists of (very) light charginos
(with a lightest chargino between 250 and 800 GeV) and neutralinos, with a
mostly bino-like neutralino as LSP (80−230 GeV), which would distinguish this
model from the mAMSB where the LSP is mostly wino-like. These upper limits
on the LSP and the lightest chargino imply that this model could in principle be
excluded in the next LHC run. In order for the gluino to escape experimental
bounds, the lower limit on the gravitino mass is about 15 TeV. The gluino mass
is then between 1-3 TeV. This however forces the squark masses to be very high
(10− 35 TeV), with the exception of the stop mass which can be relatively light
(2− 15 TeV).
6.4 Non-canonical kinetic terms
As was shown in section 6.1, the model (4.16) has tachyonic soft scalar masses
for the MSSM fields. In section 6.2 we proposed a solution by adding an extra
field to the hidden sector. However, we will show in this section that the problem
can also be circumvented by allowing non-canonical kinetic terms for the MSSM
fields.
NON-CANONICAL KINETIC TERMS 83
We consider the following model
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯) + (s+ s¯)−ν
∑
ϕϕ¯,
W = κ−3a+WMSSM ,
f(s) = 1, fA(s) = 1/g2A, (6.38)
where a sum over all visible sector fields ϕ is understood in the Kähler potential.
Here, ν is considered to be an additional parameter in the theory, where ν = 1
corresponds with the leading term in the Taylor expansion of − log(s+ s¯− ϕϕ¯)
and the model resembles a no-scale model [119–121]. The gauge kinetic functions
for the Standard Model gauge groups fA(s) are taken to be constant.
The scalar potential is given by
V = VF + VD,
VF = κ−4 e
b(s+s¯)+
∑
κ2(s+s¯)−νϕϕ¯
s+ s¯
(
−3WW¯ + gss¯ |∇sW |2 +
∑
ϕ
(s+ s¯)ν |∇ϕW |2
)
,
VD = c
2
2
(
κ−2b− κ
−2
s+ s¯ − ν(s+ s¯)
−ν−1∑ϕϕ¯)2 . (6.39)
Since the visible sector fields appear only in the combination ϕϕ¯, their VEVs
vanish provided that the scalar soft masses squared are positive. Moreover, for
vanishing visible sector VEVs, the scalar potential reduces to eq. (4.17) and
the non-canonical Kähler potential for the visible sector fields does not change
the discussion on the minimization of the potential in section 4.2.1. Therefore,
the non-canonical Kähler potential does not change the fact that the F-term
contribution to the soft scalar masses squared is negative. One has as in eq. (6.2)
∂2VF
∂ϕ∂ϕ¯
∣∣∣∣
〈ϕ〉=0
= κ−2a2eα
(
b
α
)ν+1
(〈σs〉+ 1) < 0. (6.40)
However, the visible fields will enter in the D-term scalar potential through the
derivative of the Kähler potential with respect to s. Even though this has no
effect on the ground state of the potential, the ϕ-dependence of the D-term
scalar potential does result in an extra contribution to the scalar masses squared
∂2VD
∂ϕ∂ϕ¯
∣∣∣∣
〈ϕ〉=0
= νκ−2c2
(
b
α
)ν+2
(1− α) . (6.41)
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The total soft mass squared is then the sum of these two contributions
m20 = κ−2a2
(
b
α
)(
eα(σs + 1) + ν
A(α)
α
(1− α)
)
, (6.42)
where eq. (4.20) has been used to relate the constants a and c, and corrections
due to a small cosmological constant have been neglected. A field redefinition
due to a non-canonical kinetic term gϕϕ¯ = (s+ s¯)−ν is taken into account. The
soft mass squared is now positive if
ν > − e
α(σs + 1)α
A(α)(1− α) ≈ 2.6. (6.43)
The gravitino mass is given by eq. (4.22). In the hidden sector, the imaginary
part of s is eaten by the gauge boson corresponding to the shift symmetry,
which becomes massive (similar to eq. (A.16))
mAµ =
κ−1bc
α
≈ 1.39 m3/2. (6.44)
The mass of the real part of s squared is given by 2(α/b)2∂s∂sV evaluated at
the ground state, where the factor 2(α/b)2 comes from the non-canonical kinetic
term,
m2s = 2
(
α4 − 2α2 + 4α+ e
−α(3− 2α)A
α
− 4
)
m23/2
≈ 3.48 m23/2. (6.45)
Finally, the Goldstino is given by a linear combination of the fermionic
superpartner of s and the gaugino, which is eaten by the gravitino by the
BEH mechanism. The mass of the remaining fermion is given by (see Appendix
A.1.1)
m2f ≈ 3.81 m23/2. (6.46)
Note that in the scalar potential eq. (6.39) the MSSM F-terms
∑
ϕ |∇ϕW |2 come
with a prefactor eκ2Kgϕϕ¯ (where the hidden fields are replaced by their VEVs).
To bring this into a more recognizable (globally supersymmetric) form where
L ∼ −gϕϕ¯∂µϕ∂µϕ¯− gϕϕ¯WϕW¯ϕ¯, one should rescale the MSSM superpotential
(defined in eq. (2.13))
WˆMSSM = exp(α) (b/α) WMSSM . (6.47)
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However, another rescaling is needed to take into account the non-canonical
Kähler potential for the visible sector5. The trilinear couplings are given by
A0 = m3/2(s+ s¯)ν/2 (σs + 3) , (6.50)
and
B0 = m3/2(s+ s¯)ν/2 (σs + 2) . (6.51)
The main phenomenological properties of this model are not expected to be
different from the one we analyzed in section 6.3 with the parameter ν replacing
γ. Gaugino masses are again generated at one-loop level while mSUGRA applies
to the soft scalar sector. We therefore do not repeat the phenomenological
analysis for this model.
5After the rescaling (6.47), the Lagrangian contains (very schematically) the following
terms
L =− (s+ s¯)−ν∂µϕ¯∂µϕ− (s+ s¯)−ν∂µh¯∂µh+ µˆ2h¯h+ yˆµˆh¯ϕϕ+ yˆ2ϕ¯ϕ¯ϕϕ+ . . .
+ 1
6
A0yˆϕϕϕ+
1
2
B0µˆhh, (6.48)
where h stands for the Higgsinos and ϕ labels the other scalar superpartners and all indices
are suppressed for clarity. y stands for the Yukawa couplings and µ is the usual µ-parameter.
The first line contains the kinetic terms and the F-terms coming from WˆMSSM . The last line
contains the trilinear supersymmetry breaking terms (A-terms) and the B-term. In order to
obtain canonical kinetic terms, one needs a rescaling ϕ→ ϕ′ = (s+ s¯)−ν/2ϕ (and similarly
for h). However, to bring the MSSM superpotential back into its usual form one also needs to
redefine µˆ→ µˆ′ = (s+ s¯)ν/2µˆ and yˆ → yˆ′ = (s+ s¯)ν yˆ. One then obtains
L =− ∂µϕ¯′∂µϕ′ − ∂µh¯′∂µh′ + µˆ′2h¯′h′ + yˆ′µˆ′h¯′ϕ′ϕ′ + yˆ′2ϕ¯′ϕ¯′ϕ′ϕ′ + . . .
+ 1
6
(s+ s¯)ν/2A0yˆ′ϕ′ϕ′ϕ′ +
1
2
(s+ s¯)ν/2B0µˆ′h′h′. (6.49)

Chapter 7
Gauging global symmetries of
the MSSM
In the previous chapter, the soft supersymmetry breaking terms were calculated
for the model introduced in chapter 4. It was shown that the minimal model
suffers from tachyonic scalar soft masses, and two possible solutions to this
problem were presented: One is based on the introduction of an extra hidden
sector (Polónyi-like) field z, which introduces an extra parameter γ in the model.
A second solution involves a s-dependent Kähler potential for the MSSM fields
and an extra parameter ν. Since the low energy spectra of both cases are very
similar, only the spectrum of the former case was calculated. While the gaugino
masses vanish at tree level, they are generated at one loop due to anomaly
mediation, and are therefore suppressed compared to the scalar soft masses. It
was shown that the low energy spectrum is very particular, and how it can be
distinguished from other minimal supersymmetry breaking scenarios.
In the discussion in chapter 6 however, the Standard Model fields were assumed
to be inert under the shift symmetry. In this chapter we study the possibility
that the gauged shift symmetry is identified with a known global symmetry of
the Standard Model, or more generally its supersymmetric extension. This is
done while keeping the desirable properties of the model, namely the existence
of a metastable dS vacuum with a tunable cosmological constant and a viable
low energy spectrum of the superpartners. A particular attractive possibility is
to use a symmetry that contains the usual R-parity, or matter-parity (depending
on the Kähler basis) of the MSSM (see section 2.2.3). We find that this is
indeed possible and analyze explicitly the anomaly free symmetry B − L. A
charge q proportional to B−L is introduced for the Standard Model fields, that
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allows to extrapolate between the current analysis and the one of chapter 6. It
turns out though that q is bounded from the requirement of existence of the
electroweak vacuum. Moreover, the spectrum is very similar to the one where
the MSSM fields are inert (see section 6.3), with the exception that the stop
squark mass can now be as low as 1.5 TeV.
We also address the question if the problem of tachyonic scalar masses can
be solved without adding extra field or modifying the matter kinetic terms,
by appropriately choosing the transformations of the MSSM fields, due to
the extra D-term contribution in the scalar potential since SM fields are now
charged under the U(1). However, the answer turns out to be negative due to
constraints arising from the existence of the usual electroweak vacuum. Finally,
we analyze the phenomenological implications of the extra U(1) and we find that
its coupling is too small to have possible experimental signatures in colliders at
present energies.
This chapter is organized as follows. In section 7.1 we analyze the possibility of
identifying the gauged shift symmetry with the B − L. We work out the model
and its phenomenology; we also comment on the case of 3B − L, but we do not
repeat the analysis since the results are very similar. In Section 7.2, we consider
the most general global symmetry and address the question of tachyonic scalar
masses without extra field or modification of the matter kinetic terms.
This chapter is entirely based on work with I. Antoniadis [58].
7.1 The model extended with B-L charges
As discussed above, we now explore the possibility to give the MSSM superfields
(denoted by ϕα) a charge qα under the extra U(1)R, proportional to B − L,
extending the model (6.3). This means that Q, u¯ and d¯ have charges q/3,−q/3
and −q/3, respectively. The Higgs superfields do not carry a charge and the
leptons L and e¯ carry a charge −q and +q respectively.
First, this gives contributions to the D-term part of the scalar potential, and
one should check that this does not ruin its stability. The scalar potential is
now given by
V = VF + VD,
VD = 12
(
−κ
−2c
s+ s¯ + κ
−2bc−
∑
qαϕαϕ¯α
)2
, (7.1)
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where VF is the same as in eq. (6.23). The D-term part will give an extra
contribution to the soft scalar masses of the matter fields ϕα. The restriction
that these remain non-tachyonic gives
0 < ∂ϕα∂ϕ¯αV|ϕ=0
= κ−2a2 e
b(s+s¯)+t2
s+ s¯ (A(t)(σs + 1) +B(t)) + κ
−2qαc
(
1
s+ s¯ − b
)
,
where A(t) and B(t) are given in eqs. (6.6). Since qα can be either positive or
negative, and the first term on the r.h.s. is positive for the VEVs of t and s
(see section 6.2), it follows that
|q| < a
2
c
eα+t
2 A(t)(σs + 1) +B(t)
1− α , (7.2)
which can be rewritten as (by use of eqs. (6.9) and (6.16))
|q| < qmax = κm3/2A(t)(σs + 1) +B(t)√|A(t)σs +B(t)| 1√2(1 + γt) . (7.3)
However, we will show below that one actually needs |q|/qmax < 0.013 in order
to find a viable solution to the RGE. Note that the constraint (7.3) can be
rewritten (by using the relation (6.9)) as
|q| < qmax = bc A(t)(σs + 1) +B(t)
A(t)σs +B(t)
1− α
α
, (7.4)
where κ−2bc is the Fayet-Iliopoulos constant in the scalar potential (7.1).
While the mixed U(1)R×U(1)2Y , U(1)R×SU(2) and U(1)R×SU(3) anomalies
vanish, the cubic anomaly vanishes only upon the inclusion of three right-handed
neutrinos which are singlets under the Standard Model gauge groups. Otherwise,
the cubic anomaly is proportional to
TrQ3 = −3q3, (7.5)
but the mixed anomalies still vanish. In this case, the cubic anomaly should be
canceled by a Green-Schwarz counterterm (4.9), provided
f(s) = 1 + βRs,
βR = − q
3
4pi2c . (7.6)
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The gaugino masses are generated at one loop from anomaly mediaton, given
by eqs. (6.33), while the other soft supersymmetry breaking terms are given by
m20,i = m23/2
[
(σs + 1) +
(γ + t+ γt2)2
(1 + γt)2
]
+ κ−2qαbc
(
1
α
− 1
)
,
A0 = m3/2
[
(σs + 3) + t
(γ + t+ γt2)
1 + γt
]
,
B0 = m3/2
[
(σs + 2) + t
(γ + t+ γt2)
(1 + γt)
]
. (7.7)
Or, by using
bc = m3/2κ
√−2 (A(t)σs +B(t))
1 + γt
α
1− α, (7.8)
the soft terms can be written as
m20,i = m23/2
[
(σs + 1) +
(γ + t+ γt2)2
(1 + γt)2
]
+ κ−1m3/2qα
√−2 (A(t)σs +B(t))
1 + γt ,
A0 = m3/2
[
(σs + 3) + t
(γ + t+ γt2)
1 + γt
]
,
B0 = m3/2
[
(σs + 2) + t
(γ + t+ γt2)
(1 + γt)
]
. (7.9)
Note that the relation (3.28) still holds.
In chapter 6 the special case q = 0 was analyzed in full detail; it was shown that
for γ < 1.1 no solutions to the RGEs exist that satisfy eq. (3.28). Moreover, it
was shown that for γ → 1.1 the mass of the lightest stop mt˜ can become very
small. By imposing a lower bound of about m3/2 ≥ 15 TeV on the gravitino
mass, which originates from a lower bound of about 1 TeV on the gluino mass,
it was shown that the mass of the lightest stop can be as low as about 2 TeV,
while the masses of the other squarks remain high (> 10 TeV).
As it turns out, the only considerable effect of a non-zero charge q to the
sparticle spectrum is for the lightest stop, whose dependence on the input
parameter q/qmax for m3/2 = 15 TeV and γ = 1.1 is plotted [118] in figure 7.1.
For q/qmax > 0.013, no solutions to the RGE were found. A lower limit for the
mass of the lightest stop of about 1.5 TeV is found when q/qmax → 0.013.
It should however be noted that, since anomalies are canceled by a Green-
Schwarz mechanism, one can in principle choose different charge allocations
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Figure 7.1: The mass of the lightest stop squark as a function of the charge
q/qmax for γ = 1.1 and m3/2 = 15 TeV. The gravitino mass is chosen such that
the gluino mass is right above the experimental bound of 1 TeV (while other
experimental bounds such as the neutralino and charginos are also satisfied). A
positive q corresponds to the scalar soft masses mQ and me being heavier than
mL and md = mu (see eq. (7.9)). For q/qmax > 0.013 no solutions to the RGE
were found.
for the MSSM fields which allow the terms in the superpotential (2.13), while
forbidding the Baryon and Lepton violating terms (2.18) and the dimension five
operators (2.21). As was mentioned in section 2.2.3, a gauged B − L forbids
the terms in eq. (2.18), but it still allows certain dimension five operators. This
can be solved by gauging 3B − L. A gauged 3B − L is anomalous and its
U(1)3B−L × U(1)2Y and U(1)3B−L × SU(2) anomalies are proportional to
C1 = −3q,
C2 = 6q, (7.10)
while the U(1)23B−L × U(1)Y and U(1)3B−L × SU(3) anomalies vanish. As was
explained in section 5.3, this results in a contribution to the gaugino masses
eq. (5.24) given by
M1 = −g2Y
3α(α− 1)
8pi2
q
bc
m3/2,
M2 = g22
6α(α− 1)
8pi2
q
bc
m3/2. (7.11)
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Figure 7.2: The gaugino masses M1/m3/2 (blue), M2/m3/2 (red), M3/m3/2
(black) in the 3B−Lmodel, as a function of q/qmax, where 53g2Y = g22 = g23 = 0.51
is assumed at the GUT scale. Note that the gaugino masses vary only very
little for |q/qmax| < 0.013
The total gaugino masses are then given by
M1 =
g2Y
16pi2m3/2
(
11
[
1− (α− 1)2 − t(γ + t+ γt
2)
1 + γt
]
− α(α− 1)6q
bc
)
,
M2 =
g22
16pi2m3/2
([
1− 5(α− 1)2 − 5 t(γ + t+ γt
2)
1 + γt
]
+ α(α− 1)12q
bc
)
,
M3 = −3 g
2
3
16pi2m3/2
[
1 + (α− 1)2 + t(γ + t+ γt
2)
1 + γt
]
. (7.12)
By using (from eqs. (7.3) and (7.8))
q
bc
= q
qmax
A(t)(σs + 1) +B(t)
A(t)σs +B(t)
α− 1
2α , (7.13)
the corrections to the gaugino masses proportional to q/qmax can be calculated
for every γ. It turns out that these corrections are very small, as can be seen
in figure 7.2, where the gaugino masses are plotted as a function of q/qmax for
γ = 1.1. The low energy spectrum is then expected to be similar to that of
the B − L case described above and we therefore do not perform a separate
analysis for the 3B − L case.
The kinetic terms of the U(1)R gauge boson are given by1
Lkin/e = −14FµνF
µν . (7.14)
1Alternatively, one can define the gauge kinetic function as f(s) = 1/q2, such that the
charge of the fermions is given by (instead of being proportional to) B − L.
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Its mass is given by eq. (A.16),
MR = κ−1
bc
α
= m3/2
[
(1 + γt)eα
2t2
√
σsA(t) +B(t)
(α− 1)2
]
. (7.15)
In the allowed parameter range this corresponds to MR ∈ ]25.4, 99.4[ TeV. The
covariant derivative of the Standard Model fermions χα (with charge q) is
Dµχ
α = (∂µ − iqAµ)χα, (7.16)
where we have omitted the spin connection and the Kähler connection. The
charge q of the MSSM fermions satisfies |q| < 0.013qmax ≈ O(10−17). We
conclude that the U(1)R gauge boson is (unfortunately) well beyond the current
experimental Z ′ bounds2 or the corresponding compositeness limits [124].
7.2 D-term contributions to the scalar soft masses
In this section we show that another possible solution to the problem of negative
soft scalar masses squared in section 6.1, based on a D-term contribution to
the scalar soft masses, does not lead to consistent electroweak vacua. As in the
other solutions proposed in chapter 6, solving the problem of tachyonic masses
comes at the cost of introducing an extra parameter, b1. In this case the model
is given by3
K = −κ−2 log(s+ s¯) + κ−2b(s+ s¯) +KMSSM ,
W = κ−3a+ eb1sWMSSM ,
f(s) = 1 + βbs. (7.17)
Because of the shift symmetry (4.1), the MSSM superpotential needs to
transform (with gauge parameter θ) as
WMSSM −→WMSSMeib1cθ. (7.18)
2For a review on Z′s, see for example [122,123].
3Note that the coefficient β in the gauge kinetic function has a slightly different definition
than in the rest of this thesis. The reason lies in the fact that this definition allows one
to eliminate the parameter b from the vacuum conditions (D.2), similar to the case with a
constant gauge kinetic function in section 4.2.1.
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The scalar potential is given by
V = VF + VD,
VF = eK
[−3WW¯ + gss¯|∇sW |2 + |∇ϕW |2]
VD = 12
(
κ−2bc− κ
−2c
s+ s¯ − qαϕαϕ¯α
)2
, (7.19)
where ϕα stands for the various MSSM fields and the linear part in the gauge
kinetic function has been neglected. Indeed, it is shown in Appendix D.1 that
β  1.
The F-term contribution to the scalar soft masses squared is negative. This
can however be compensated by a (positive) contribution proportional to the
charge qα from the D-term scalar potential. This implies that all MSSM fields
must have a positive charge under this extra U(1), which is the motivation
behind the transformation (7.18) and the factor eb1s in eq. (7.17). The soft
supersymmetry breaking terms can be calculated (with respect to a rescaled
superpotential WˆMSSM = eK/2eb1sWMSSM) to be
m20 = m23/2(σs + 1) + κ−2qαbc
1− α
α
,
A0 = m3/2 ρs, (7.20)
B0 = m3/2 (ρs + 1), ρs = −1 + (α− 1)(α− 1 + b1(s+ s¯)),
where α and σs are defined in eqs. (6.7). The gravitino mass is given by
m3/2 = κ−1aeα/2
√
b
α
. (7.21)
By using the relation for the gravitino mass eq. (6.16), the relations (6.9) can
be rewritten as
bc = −κm3/2e−α/2
√
αA(α), (7.22)
which can be used to rewrite the D-term contribution to the mass in the form
m20 = m23/2(σs + 1) +m3/2κ−1qα Q(α),
Q(α) = α− 1
α
e−α/2
√
αA(α) ≈ 0.8598. (7.23)
To avoid tachyonic masses, the charges of the MSSM fields should satisfy
qα > q0 = −κm3/2σs + 1
Q(α) ≈ 0.558 κm3/2, (7.24)
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which corresponds to q & 0.5× 10−15 for m3/2 ≈ 20 TeV. The (non-universal)
scalar soft masses and trilinear terms can be summarized as
m20,i = m23/2
[
(σs + 1)
(
1− qα
q0
)]
,
A0 = m3/2
[
−1 + (α− 1)
(
α− 1 + q
q0
P (α)
)]
,
P (α) = 2αe
α/2(σs + 1)√
αA(α)Q(α)
≈ 0.799, (7.25)
where eq. (6.9) was used and q = b1c/2. The charges qα are given in terms of
three independent parameters θ, θQ and θL by
qHu = θq,
qHd = (2− θ)q,
qL = θLq,
qe¯ = (θ − θL)q,
qQ = θQq,
qu¯ = (2− θ − θQ)q,
qd¯ = (θ − θQ)q, (7.26)
such that
qHu + qHd = 2q,
qe¯ + qL + qHd = 2q,
qd¯ + qQ + qHd = 2q,
qu¯ + qQ + qHu = 2q, (7.27)
and eq. (7.18) is satisfied for the MSSM superpotential (2.13).
96 GAUGING GLOBAL SYMMETRIES OF THE MSSM
Next, the cubic and mixed anomalies are proportional to
CR = q3f(θ, θL, θQ),
C1 = 3q2 (6− 3θQ − θL) ,
C2 = q (2 + 3θL + 9θQ) ,
C3 = 6q, (7.28)
where
f(θ, θL, θQ) = 3
(
6θ3Q + 3(2− θQ − θL)3 + 3(θ − θQ)3 + 2θ3L + (θ − θL)3
)
+ 2
(
(2− θ)3 + θ3) . (7.29)
The Green-Schwarz counterterms are then proportional to
β = −q3 f(θ, θL, θQ)12pi2bc ,
β1 = −q 3 (6− 3θQ − θL)8pi2c ,
β2 = −q (2 + 3θL + 9θQ)4pi2c ,
β3 = −q 32pi2c . (7.30)
This results in contributions to the gaugino masses
MA = −g
2
A
2
α(α− 1)
b
m3/2βA. (7.31)
The Green-Schwarz contributions to the gaugino masses are given by
M1 = − g
2
Y
16pi2 3(6− 3θQ − θL)
α(α− 1)eα√
αA(α)
κ−1q,
M2 = − g
2
2
16pi2 2(3 + θL + 9θQ)
2α(α− 1)eα√
αA(α)
κ−1q,
M3 = − g
2
3
16pi2
12α(α− 1)eα√
αA(α)
κ−1q. (7.32)
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The anomaly mediated contribution to the gaugino masses are given by eq. (5.27).
As was explained in section 5.3, the total one-loop gaugino mass is the sum of
these contributions
M1 = − g
2
Y
16pi2
(
11m3/2
[−1 + (α− 1)2]− 32(6− 3θQ − θL) (α− 1)2Q(α) κ−1q
)
,
M2 = − g
2
2
16pi2
(
m3/2
[−1 + 4(α− 1)2]− (3 + θL + 9θQ) (α− 1)2
Q(α) κ
−1q
)
,
M3 = − g
2
3
16pi2
(
3m3/2
[
1 + (α− 1)2]− 6(α− 1)2
Q(α) κ
−1q
)
. (7.33)
The soft terms can be summarized as (where ξ = q/q0 > 2, and eqs. (7.23) and
(7.22) were used to rewrite the gaugino masses)
m20,i = m3/2 [(σs + 1) (1− θαξ)] ,
A0 = m3/2 [−1 + (α− 1) (α− 1 + ξP (α))] ,
B0 = A0 +m3/2,
M1 = − g
2
Y
16pi2m3/2
(
11
[−1 + (α− 1)2]+ 32(6− 3θQ − θL) (α− 1)2Q(α)2 (σs + 1)
)
,
M2 = − g
2
2
16pi2m3/2
([−1 + 4(α− 1)2]+ (3 + θL + 9θQ) (α− 1)2
Q(α)2 (σs + 1)
)
,
M3 = − g
2
3
16pi2m3/2
(
3
[
1 + (α− 1)2]+ 6(α− 1)2
Q(α)2 (σs + 1)
)
. (7.34)
The above soft terms depend on five parameters, namely m3/2, ξ, θ, θL
and θQ. Following, a parameter scan has been performed [118] for m3/2 ∈
[15 TeV, 40 TeV], ξ ∈ [2, 10], θ, θL, θQ ∈]0, 2[, tanβ ∈ [1, 60]. For m3/2 < 15
TeV, the gaugino masses are expected to be experimentally excluded, ξ > 2
in order to satisfy the constraint (7.24). A0 is negative and monotonically
decreasing with ξ, such that for ξ > 10 the trilinear term becomes A0 < −9m3/2.
In principle, the value of tanβ (which is the ratio between the two Higgs VEVs)
is fixed by B0 [116, 117] (as in chapter 6), however we performed a scan over
all possible values of tanβ instead. Such a high value for |A0| would contribute
to the RGE for the stop mass parameter, so that it runs to a negative value
before the electroweak symmetry breaking scale is reached4.
4Or the stau becomes tachyonic for a very small region of the parameter space.
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In this parameter range, no viable electroweak symmetry breaking conditions
were found. We conclude that, even though the above idea is very appealing
from a theoretical point of view, one can not (at least in this model) use a
D-term contribution to the scalar soft masses proportional to the charge of a
MSSM field under an extra U(1) factor to solve the problem with tachyonic
masses.
Chapter 8
Conclusions
Supersymmetry is one of the most promising theories that extends the Standard
Model. Not only does it provide a possible solution to the hierarchy problem, it
naturally contains a dark matter candidate in certain supersymmetric theories
like the MSSM, and the gauge couplings seem to unify at a certain energy when
supersymmetric corrections are taken into account.
If a theory is invariant under local supersymmetry variations, it contains gravity
and is called a supergravity theory. Moreover, since certain supergravity theories
appear in the low energy limit of string theory, one can address certain open
questions in string theory in supergravity. One such active topic of research in
string theory is the endeavor to find de Sitter vacua. In terms of a supergravity
theory one can address this problem by searching for theories where the minimum
of the scalar potential has a positive but small value.
In this work we introduced a model based on a single chiral multiplet S,
which can be identified with the string dilaton or a compactification modulus.
The scalar component s of this chiral multiplet is invariant under a gauged
shift symmetry, with an associated vector multiplet. From gauge invariance,
the Kähler potential should be a function of s + s¯, which is chosen to be
K = −κ−2p log(s+ s¯). The most general superpotential is an exponential of the
chiral multiplet W = a exp(bs), while the most general gauge kinetic function
has a linear as well as a constant contribution. As a result, the scalar potential
contains a positive D-term contribution including a Fayet-Iliopoulos term, and
an F-term contribution which can be negative. For positive b there always exists
a supersymmetric AdS vacuum, while for negative b an infinitesimally small
and positive value for the minimum of the potential can be found for p < 3.
In chapter 4, we quantified the relations between the parameters in the model
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in order to obtain a tunably small value for the cosmological constant for the
two cases p = 1 and p = 2, and showed that the gravitino mass term (which is
essentially the supersymmetry breaking scale) is separately tunable.
Further in chapter 4, the case p = 2 is studied in great detail. While for p = 1
the dS vacuum is stable, for p = 2 the scalar potential has another minimum at
the runaway direction Res→∞, in principle allowing for tunneling to this other
minimum and rendering our desired vacuum metastable. It was shown that the
tunneling rate is very low and exceeds the lifetime of the universe. Following,
it was shown that in the limit where b → 0, the scalar potential corresponds
with the one derived in [53] from D-branes in non-critical strings. While b = 0
results in a supersymmetry breaking vacuum in AdS space, a non-zero b allows
for a positive cosmological constant. It is therefore a very interesting (and open)
question how a non-zero b can be realized in string theory. Finally, the presence
of a shift symmetry indicates that the theory can in principle be reformulated
in terms of a linear multiplet. In the literature however, this duality was never
performed in the presence of a field dependent superpotential. We showed
that the above model can be reformulated in terms of a (unconstrained) vector
multiplet, which indeed has the degrees of freedom corresponding to a linear
multiplet.
Quantum consistency can impose stringent constraints on quantum field theories
in terms of anomaly cancellation conditions. In chapter 5 we extend the work
by Elvang, Freedman and Körs [55] on quantum anomalies in supergravity
theories with Fayet-Iliopoulos terms and we show that their results can be
interpreted from a field-theoretic point of view. Moreover, we show that in the
case p = 2 the anomaly cancellation conditions are inconsistent with a TeV
gravitino mass term, which excludes this case since it does not lead to a viable
low energy phenomenology. Finally, we demonstrated the relation between
quantum anomalies and the gaugino mass terms that are generated at one loop.
We showed that two contributions should be included in the calculation of the
gaugino masses. Firstly, there is a contribution due to anomaly mediation.
Secondly, there is a contribution due to the anomaly cancellation conditions,
since anomaly cancellation can require the presence of a Green-Schwarz counter
term which originates from a linear contribution to the gauge kinetic function.
This contribution however, also results in a contribution to the gaugino mass
terms. Finally, we showed that by an appropriate Kähler transformation, the
latter contribution to the gaugino mass terms can be reformulated in terms of
an anomaly mediated contribution.
An interesting question arises whether this model leads to a distinguishable
low energy spectrum for the sparticles in the theory. In chapter 6 the case
with p = 1 is used as a hidden sector where supersymmetry breaking occurs.
This supersymmetry breaking is communicated to the visible sector (MSSM)
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via gravity mediation. However, it is shown that the resulting scalar soft
supersymmetry breaking terms are tachyonic. This can be cured by the
introduction of an extra Polónyi-like hidden sector field, or by allowing for
non-canonical kinetic terms of the Standard Model fields, while maintaining the
desirable features of the model. This however introduces an extra parameter γ
(or ν in the second case), which turns out to be heavily constrained: γ should
be in the range [1.1; 1.707], where the lower bound is to prevent a tachyonic
stop squark mass, and the upper bound follows from the tunability of the
scalar potential. Since the soft SUSY-breaking parameter B0 is related to the
trilinear coupling by B0 = A0 −m3/2, the ratio between the two Higgs VEVs β
is not an independent parameter and the model turns out to be very predictive.
The low energy spectrum of the theory consists of (very) light neutralinos,
charginos and gluinos, where the experimental bounds on the (mostly bino-like)
LSP, the lightest chargino and the gluino mass force the gravitino mass to be
above 15 TeV. This in turn implies that the squarks are very heavy, with the
exception of the stop squark which can be as light as 2 TeV when the parameter
approaches its lowest limit γ → 1.1. It follows that the resulting spectrum can
be distinguished from other models of supersymmetry breaking and mediation
such as mSUGRA and mAMSB.
In chapter 7 it is shown that the shift symmetry can be identified with known
global symmetries of the MSSM. We analyzed the phenomenological implications
in great detail for the particular case where the global symmetry is B − L, or
3B − L which contains the known matter parity of the MSSM as a subgroup.
The latter combination has also the advantage of forbidding all dimension-four
and dimension-five operators violating baryon or lepton number in the MSSM.
We showed that the phenomenology is similar to the one obtained in chapter 6,
where the MSSM fields are inert under the shift symmetry, with the exception
of the stop mass which can become lighter to about 1.5 TeV (compared to 2
TeV). Finally, we showed that the problem of tachyonic scalar masses can not
be solved from the presence of the (positive) D-term contributions to the scalar
potential, proportional to the charge of the MSSM superfields under the shift
symmetry, because of incompatibility with the existence of a viable electroweak
vacuum.

Appendix A
Masses of the scalar, the
fermion and the gauge field
In this appendix we calculate the masses of the fermions (section A.1) for the
cases p = 1, p = 2, and for the model involving an extra Polónyi-like field in
section 6.2. We demonstrate how the U(1)R gauge boson acquires a mass by
the Stueckelberg mechanism [125–129] for general p in section A.2. Finally, we
show how the scalar mass is calculated in the case p = 2 in section A.3.
A.1 Calculation of the fermion mass matrices in
the various models
For convenience of the reader, we here repeat the fermion mass matrices and
its corrections due to the super-BEH mechanism, which were discussed in
sections 3.1 and 3.2. The fermion mass matrix is given by
m =
(
mαβ +m(ν)αβ mαB +m
(ν)
αB
mAβ +m(ν)Aβ mAB +m
(ν)
AB
)
, (3.16)
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where mαβ , mαB and mAB are given by eqs. (3.10-3.12). The corrections to the
fermion mass terms due to the elimination of the Goldstino PLν are given by
m
(ν)
αβ = −
4κ2
3m3/2
(δsχα)(δsχβ),
m
(ν)
αA = −
4κ2
3m3/2
(δsχα)(δsPRλA),
m
(ν)
AB = −
4κ2
3m3/2
(δsPRλA)(δsPRλB), (3.17)
and the fermion shifts are given by
δsχα = − 1√2e
κ2K/2∇αW,
δsPRλA = − i2PA. (3.15)
The kinetic involving the fermions in the model however, are (in general) not
canonically normalized. Instead, they are given by
Lkin/e = −
gαβ¯
2 χ
αD(0)χ¯β¯ − Re(fAB)2 λ¯
AD(0)λB , (A.1)
where D(0) is the fermion covariant derivative. For diagonal gαα¯ and diagonal
gauge kinetic functions fA, canonically normalized kinetic terms for the fermions
can be obtained by making a field redefinition χ′α = √gαα¯χα and λ′A =√
Re(fA)λA (note that there is no summation over indices here). As a result,
the components in the fermion mass matrix above should be rescaled accordingly.
The resulting mass matrix then has one zero eigenvalue corresponding to the
Goldstino, while the other eigenvalues of Tr(m†m) correspond to the masses of
the physical fermions.
A.1.1 Fermion masses for p = 1
The fermion mass matrix for case p = 1 in section 4.2.1 (as well as the model in
the model in section 6.4) for the fermionic superpartner of s and the gaugino
corresponding to the shift symmetry (4.1) is given by
m = κ−1
 (αb )2 aeα/2(α2+4α−2)3(α/b)5/2 − (αb ) i
√
2b2c(α2−2α−2)
3α2
− (αb ) i√2b2c(α2−2α−2)3α2 c2e−α2 (α−1)23a(α/b)3/2
 , (A.2)
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where the factors
(
α
b
)
have been taken into account due to non-canonical kinetic
terms for the chiral fermions. The gaugino already has canonical kinetic terms
since f(s) = 1. The hidden sector fermions do not mix with the fermions of the
MSSM. Also, the determinant of m is proportional to (2 + 8α− 3α2− 2α3 +α4),
which indeed has a root at α ≈ −0.23315. The mass squared of the physical
fermion is then given by the non-zero eigenvalue of m†m. Since one of the
eigenvalues (the Goldstino)of the 2× 2 matrix vanishes, the mass (squared) of
the physical fermion is given by its trace
m2f = Tr
[
m†m
]
= m23/2fχ, (A.3)
where
fχ =
(
e2αα2
(
α2 + 4α− 2)2 + (α− 1)4A(α)2 + 4eαα (α2 − 2α− 2)2A(α))
9α2e2α
≈ 3.807, (A.4)
and we have used the relations between the parameters and the numerical values
for α and A(α) in eqs. (4.20).
A.1.2 Fermion masses for p = 2
For p = 2, the fermion mass terms are given by
mαβ = κ−1
aebs
(s+ s¯)3
(
b2(s+ s¯)2 − 2b(s+ s¯) + 2) ,
mαA = κ−1i
√
2c
(
3
(s+ s¯)2 −
b
2
1
(s+ s¯)
)
= mAα,
mAB = κ−1
−a
4 e
bs¯(s+ s¯)
(
b− 2
s+ s¯
)
, (A.5)
where (s+s¯) should be evaluated in the minimum of the potential, i.e. eqs. (4.26)
hold. The corrections due to the BEH-effect are given by
m
(ν)
αβ = κ
−1
(
2
s+ s¯ − b
)2 −2
3
a
s+ s¯ e
b
2 (s+s¯),
m
(ν)
αA = κ−1
(
2
s+ s¯ − b
)2 −√2
3 ic,
m
(ν)
AB = κ−1
(
2
s+ s¯ − b
)2 1
3
c2
a
(s+ s¯)e− b2 (s+s¯), (A.6)
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Next, due to a field redefinition (see the discussion below eq. (A.1)) in order to
obtain canonically normalized kinetic terms, the entries in the fermion mass
matrix corresponding to mαβ¯ , mαA and mAB should be multiplied by a factor
α2/2b2,
√
α/2b and b/α respectively. As a result, the full (2× 2) mass matrix
is κ−1 times(
α2
2b2
ab3
3α3 e
α/2 (−2 + 2α+ α2) −√ α2b icb23√2α2 (−10− 5α+ 2α2)
−√ α2b icb23√2α2 (−10− 5α+ 2α2) bα e−α/2(α−2)12aα (−3a2αeα + 4bc2 (α− 2))
)
By inserting equation (4.26), the determinant of m is
Det(m) = −κ−2 b
4c2
(−40− 240α− 102α2 + 94α3 + 15α4 − 15α5 + 2α6)
6α4 (−2− 4α+ α2)
= 0 (A.7)
The determinant has a root at the earlier defined value of α = −0.183268..., so
that the mass matrix has indeed a zero mode, corresponding to the reduction
of the rank of the full mass matrix m, because the Goldstino disappears. The
(squared) mass of the fermion is thus given by the trace of the mass matrix
squared
m2f = Tr(m†m)
= κ−2a2b2
eα
(
116 + 68α− 15α2 − 4α3 + 8α4)
144α2 . (A.8)
By using the numerical value of α and eq. (4.29), the fermion mass can be
written in terms of m3/2
mf ≈ 0.846 m3/2. (A.9)
A.1.3 Fermion masses for the model including an extra
Polónyi-like field
We now calculate the fermion masses for the model with the extra hidden sector
field z in section 6.2. This model contains one extra hidden sector fermion. Its
mass matrix is given by
m =
 mss +m
(ν)
ss mst +m(ν)st msR +m
(ν)
sR
mst +m(ν)st mtt +m
(ν)
tt mtR +m
(ν)
tR
msR +m(ν)sR mtR +m
(ν)
tR mRR +m
(ν)
RR
 ,
MASS OF THE U(1)R GAUGE BOSON 107
where
mss +m(ν)ss = κ−1
(α
b
)2 ae 12 (t2+α) (−2 + 4α+ α2) (1 + tγ)
3
(
α
b
)5/2 ,
mst +m(ν)st = κ−1
(α
b
) ae 12 (t2+α)(−1 + α) (t+ γ + t2γ)
3
(
α
b
)3/2 ,
msR +m(ν)sR = −κ−1
(α
b
) i√2b2c (−2− 2α+ α2)
3α2 ,
mtt +m(ν)tt = κ−1
ae
1
2 (t2+α) (2tγ + 2t3γ − 2γ2 + t4γ2 + t2 (1 + 2γ2))
3
√
α
b (1 + tγ)
,
mtR +m(ν)tR = −κ−1
i
√
2bc(−1 + α) (t+ γ + t2γ)
3α(1 + tγ) ,
mRR +m(ν)RR = κ−1
b2c2
√
α
b e
1
2 (−t2−α) (1− 1α)2
3a(1 + tγ) . (A.10)
It has been checked that the determinant of this matrix vanishes for α and t
satisfying eqs. (6.8) and (6.9). The masses of the physical fermions are the two
non-zero eigenvalues of this matrix. The result however is quite tedious and we
only state the numerical values for γ = 1:
mχ1 ≈ 2.57 m3/2,
mχ2 ≈ 0.12 m3/2. (A.11)
A.2 Mass of the U(1)R gauge boson
The kinetic term Ls of the scalar field s can be written as
Ls/e = −gss¯∂ˆµs∂ˆµs¯, (A.12)
where the covariant derivative is defined as
∂ˆµs = ∂µs− ksAµ
= ∂µs+ icAµ, (A.13)
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where ks is the Killing vector associated with the shift symmetry given by
ks = −ic (see eq. (4.1)). Equation (A.12) can then be written as
Ls/e = −pκ
−2
(s+ s¯)2
(
∂µs∂µs¯− icAµ∂µ(s− s¯) + c2AµAµ
)
. (A.14)
The local shift symmetry allows us to gauge fix s− s¯ = 0, which results in a
mass term Lm/e = − 12m2AµAµAµ for the gauge boson. This mass term however,
needs a rescaling due to a non-canonical kinetic term1
Lkin/e = −Ref(s)4 FµνF
µν . (A.15)
The result is
mAµ =
√
2p
Ref(s)
κ−1c
〈s+ s¯〉 , (A.16)
where Ref(s) = 1 for p = 1, and Ref(s) = s+s¯2 for p = 2.
A.3 Scalar masses
In this section we demonstrate how the mass of the scalar fields is calculated
for p = 2. The masses of the scalar fields for the other models is calculated
analogously.
We isolate the quadratic contribution of the scalar potential eq. (4.24), which is
repeated here for convenience
V = κ−4a2eb(s+s¯)
(
b2
2 −
2b
s+ s¯ −
1
(s+ s¯)2
)
+ κ−4 c
2
s+ s¯+ 2d
(
2
s+ s¯ − b
)2
.
The quadratic term Vquad = 12V ′′(α/b)
(
s+ s¯− αb
)2 in the series expansion of
V around its minimum at 〈s+ s¯〉 = αb is given by (simplified by using equation
(4.26))
Vquad = κ−4
(
48 + 192α− 128α2 − 8α3 + 24α4 − 8α5 + α6) b5c2(s+ s¯− αb )2
2α5 (2 + 4α− α2) .
1This rescaling was absent in an earlier version of this thesis. We thank A. Chatrabhuti
for pointing this out.
SCALAR MASSES 109
Taking into account the non-canonical form of the kinetic terms2, the mass of
the dilaton Re(s) = s+s¯2 is then given by
m2s =
−κ−2b4c2 (48 + 192α− 128α2 − 8α3 + 24α4 − 8α5 + α6)
α4 (−2− 4α+ α2) . (A.19)
For the earlier calculated numerical value of α (see eq. (4.26)) this expression is
indeed positive: m2s > 0.
2The kinetic term of Re(s) is given by
Lkin =
−κ−2
2Re(s)2
∂µRe(s)∂µRe(s). (A.17)
Expanding around the minimum φ = Re(s)− S0, with S0 = ακ2b , gives
L = −1
2S20
(
1− 2 φ
S0
+ . . .
)
∂µφ∂µφ. (A.18)
We should thus rescale the mass with a factor S0.

Appendix B
Linear-Chiral duality
In this appendix we present the details of the linear-chiral (or tensor-scalar)
duality which lead to the result presented in section 4.3.3. This duality is
presented in global supersymmetry in section B.1. Since a superspace formalism
is more convenient in this context, the conventions of Wess and Bagger [60] were
used in this section. Following, a dual version of the theory in section 4.2.2 in
the Kähler frame with an exponential superpotential is presented in section B.2.
An important identity is proven in section B.3. This appendix is based on work
with I. Antoniadis [50].
B.1 Tensor-scalar duality in global supersymmetry
In this section we will use the superfield notation and conventions of [60]. It is
important to note that in this notation, a linear multiplet L is defined from a
general superfield by imposing the relation
D2L = D¯2L = 0, (B.1)
where the differential operators D¯2 and D2 are given by
Dα =
∂
∂θα
+ iσµαα˙θ¯α˙∂µ,
D¯α˙ = − ∂
∂θ¯α˙
− iσµαα˙∂µ. (B.2)
Here, θα (θ¯α˙) are the fermionic coordinates of the (anti-)chiral superspace.
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Easy warm-up: No superpotential
As a warm-up, we will show how one can describe a (globally) supersymmetric
theory, given by a single chiral multiplet S with vanishing superpotential and
a Kähler potential K(S + S¯) given by eq. (4.3) in terms of a linear multiplet.
The Lagrangian of this theory is given by
L =
∫
d2θd2θ¯K(S + S¯). (B.3)
To obtain the dual version of this theory, we consider the Lagrangian
L =
∫
d2θd2θ¯
(F(L)− pL(S + S¯)) , (B.4)
where L is a priori an unconstrained real vector superfield. For purposes that
become clear in an instant, we take F(L) to be given by F(L) = p log(L). The
equations of motion for the (anti-)chiral superfields S(S¯) give D2L = D¯2L = 0,
which is exactly the condition (B.1) for L to be a linear multiplet. The second
term in (B.4) is thus a generalised Lagrange multiplier that ensures the linearity
of L. The resulting theory in terms of the linear multiplet is given by∫
d2θd2θ¯F(L). (B.5)
On the other hand, the equations of motion of (the now unconstrained real
superfield) L give
F ′(L) = p (S + S¯) , (B.6)
such that
S + S¯ = 1
L
. (B.7)
Some basic algebra then shows that
F(L) = p log
(
1
S + S¯
)
= −p log (S + S¯) . (B.8)
The chiral theory is then given by∫
d2θd2θ¯K(S + S¯), (B.9)
with K(S + S¯) given in (4.3).
Since the natural partner of the graviton in the massless sector of superstrings
is the scalar dilaton and an antisymmetric tensor, the above exercise should
be repeated in supergravity (local supersymmetry). Below, we first perform
the duality in the presence of a superpotential given by eq. (4.4) in global
supersymmetry, and consequently in supergravity.
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With a superpotential
We are now ready to perform the above duality in the presence of a non-trivial
(exponential) superpotential, given by eq. (4.4). This superpotential has the
following property: under the shift symmetry (4.1) the superpotential transforms
as W (S) −→ W (S)e−iαb, where the gauge parameter is now denoted as α to
distinguish it from the superspace coordinates θ. This transformation can
be compensated by the R-transformation θ −→ θe− i2αb such that ∫ d2θW (S)
is invariant under the combined shift and R-transformations. Note that one
can not gauge the shift symmetry in this model, since it is entangled with an
R-symmetry, which can not be gauged in rigid supersymmetry, in contrast with
supergravity.
We are now interested in the dual description of the theory
L =
∫
d4θK(S + S¯) +
∫
d2θW (S) +
∫
d2θ¯W¯ (S¯), (B.10)
where the Kähler potential is given by eq. (4.3) and the superpotential given by
(4.13). To find the dual theory, we start from the Lagrangian
L =
∫
d4θF(L)− p
∫
d4θL(S + S¯) +
∫
d2θW (S) +
∫
d2θ¯W¯ (S¯), (B.11)
where as before, S and S¯ are chiral and anti-chiral superfields, respectively, and
L is an a priori unconstrained real superfield. As we will see below, it turns
out that in the dual theory, L will still be a real superfield off-shell. However,
it will contain the same number of propagating degrees of freedom as those of
a linear multiplet. As in the previous example, we take F(L) = p log(L). The
equations of motion for L give, as before
S + S¯ = 1
L
. (B.12)
By substituting this relation into the Lagrangian (B.11) one retrieves (B.10).
We now derive the equations of motion for the chiral superfield. This results in
modified linearity conditions
pD¯2L = −4W ′(S), (B.13)
pD2L = −4W¯ ′(S¯), (B.14)
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and thus L is still an unconstrained real multiplet. One can use these equations
to write S and S¯ in terms of L
S = 1
b
log
(−p
4abD¯
2L
)
, (B.15)
S¯ = 1
b
log
(−p
4abD
2L
)
. (B.16)
Note that one can rewrite the Lagrangian (B.11) as
L =
∫
d4θF(L) +
∫
d2θ
(p
4D¯
2LS +W (S)
)
+
∫
d2θ¯
(p
4D
2LS¯ + W¯ (S¯)
)
. (B.17)
By substituting (B.15) and (B.16) into (B.17) one obtains the dual theory in
terms of the superfield L
LL =
∫
d4θF(L)
+
∫
d2θ
(( p
4bD¯
2L
)
log
(−p
4abD¯
2L
)
− p4bD¯
2L
)
+
∫
d2θ¯
(( p
4bD
2L
)
log
(−p
4abD
2L
)
− p4bD
2L
)
. (B.18)
Note that L is a real vector superfield instead of linear superfield. However,
as we show below, the vector multiplet L contains auxiliary fields that can be
eliminated by their equations of motion, and the physical content of the theory
can still be described in terms of only a real scalar l, a Majorana fermion χ
and a field strength vector field vµ. In fact, a more natural description of this
theory will be given by a real scalar l, a Majorana fermion χ and a pseudoscalar
w, which is the phase of the θ2-component of L.
In the conventions of [60], the general expression of the real superfield L is
defined as follows
L =l + iθχ− iθ¯χ¯+ θ2Z + θ¯2Z¯ − θσµθ¯vµ
+ iθ2θ¯(λ¯− i2 σ¯
µ∂µχ)− iθ¯2θ(λ− i2σ
µ∂µχ¯) +
1
2θ
2θ¯2(D − 12l). (B.19)
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Rewriting Z = ρeiw and Z¯ = ρe−iw, it follows that the Lagrangian (B.18) is
given in components by
L =F
′(l)
2
(
D − 12l
)
+ F
′′(l)
2
(
−χ
(
λ− i2σ
µ∂µχ¯
)
− χ¯
(
λ¯− i2 σ¯
µ∂µχ
)
+ 2ρ2 − 12v
µvµ
)
+ 14F
′′′(l)
(
χ2ρe−iw + χ¯2ρeiw + χσµχ¯vµ
)
+ F
′′′′(l)
16 χ
2χ¯2
+ p
b
D log
( p
ab
ρ
)
+ p
b
w∂µvµ − p4b
λ2
ρ
eiw − p4b
λ¯2
ρ
e−iw. (B.20)
Note that the fields D,λ, vµ and ρ appear without kinetic terms in the
Lagrangian. They are therefore auxiliary fields that can be eliminated by
their equations of motion. These are
ρ = ab
p
e−
b
2p (F ′(l)),
p
λ
bρ
eiw = −F ′′(l)χ,
F ′′
2 vµ =
F ′′′
4 χσ
µχ¯− p
b
∂µw,
−p
b
D = 2F ′′ρ2 + ρ4F
′′′ (χ2e−iw + χ¯2eiw)+ p4b (λ2ρ eiw + λ¯2ρ e−iw). (B.21)
Indeed, these equations of motion can be used to eliminate these fields from
the Lagrangian by substituting them back into eq. (B.20)
L =− 14F
′(l)l + i4F
′′(l) (χσµ∂χ¯+ χ¯σ¯µ∂µχ) +
a2b2
p2
F ′′(l)e bpF ′(l)
+ 1F ′′(l)
(−F ′′′(l)
2 χσ
µχ¯∂µw +
p2
b2
∂µw∂µw
)
+
(F ′′′′(l)
16 −
F ′′′(l)2
32F ′′(l)
)
χ2χ¯2
+ ab4pe
b
pF ′(l)/2 (χ2e−iw + χ¯2eiw)(F ′′′(l)− b
p
F ′′(l)2
)
. (B.22)
It follows that the Lagrangian can be written only in terms of the physical
propagating fields l, χ and w. Note that it is also possible to write the Lagrangian
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in terms of l, χ and vµ. The above calculation proves that the field strength vµ
contains only one degree of freedom.
Note that the resulting scalar potential for the field l (last term of the first line
of the above expression) is:
V = −a
2b2
p2
F ′′(l)e bpF ′(l) = a
2b2
p
l−2e
b
l . (B.23)
As a check, we can substitute (B.12) into the above equation to find
V = a
2b2
p
(s+ s¯)2eb(s+s¯), (B.24)
which corresponds to the scalar potential that can be directly obtained in the
chiral formulation from equation (B.10).
B.2 Tensor-scalar duality in supergravity
We now calculate the same duality in supergravity by using the chiral
compensator formalism [59]. In order to simplify the notation, we put κ = 1 in
this section. We start with the Lagrangian
L =
[
−12
(
S0e
−gVR S¯0
)3
L−2
]
D
+
[
S30W (S)
]
F
+
[
fW2]
F
+ h.c.
− [L(S + S¯ + cVR)]D , (B.25)
where, as before, S(S¯) is an (anti-)chiral multiplet with zero Weyl weight, L is a
(unconstrained) real multiplet with Weyl weight 2 and VR is a vector multiplet of
zero Weyl weight associated with a gauged R-symmetry with coupling constant
g given by g = bc3 . S0 (S¯0) is the (anti-)chiral compensator superfield with Weyl
weight +1 (−1).
An F-term [ ]F is defined on a chiral multiplet X = (s, PLζ, F ) with weight 3
[X]F = e Re
(
F + 1√
2
ψ¯µγ
µPLζ +
1
2sψ¯νγ
µνPRψν
)
, (B.26)
where e is the determinant of the vierbein. From now on, we write PL,Rζ = ζL,R.
A D-term [ ]D is defined on a real multiplet C = (C,χ, Z, va, λ,D) with weight
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2 as
[C]D = e
(
D − 12 ψ¯ · γiγ∗λ−
1
3CR(ω) +
1
6
(
Cψ¯µγ
µρσ − iχ¯γρσγ∗
)
R′ρσ(Q)
+14
abcdψ¯aγbψc
(
vd − 12 ψ¯dχ
))
, (B.27)
where R(ω) and R′(Q) are the graviton and gravitino curvatures. The
superpotential is given by eq. (4.13) and W2 = WαWα contains the gauge
kinetic terms for VR with gauge kinetic function f , which is assumed here to
be constant f = γ. A linear gauge kinetic function, as is necessary to obtain a
tunable cosmological constant (see section 4.2.2), will be discussed below.
Note that since the R-symmetry generator TR does not commute with the
supersymmetry generators Qα by eq. (2.16), repeated here for convenience of
the reader
[TR, Qα] = −i(γ∗) βα Qβ ,
the global R-symmetry in the previous section necessarily becomes gauged when
one couples this theory to gravity. The above Lagrangian thus has a gauged
R-symmetry (coupled to the gauged shift symmetry), under which the various
fields transform as
S −→ S − icΛ, S¯ −→ S¯ + icΛ¯,
S0 −→ e ibc3 ΛS0, S¯0 −→ S0e
−ibc
3 Λ¯,
VR −→ VR + i
(
Λ− Λ¯) ,
L −→ L, (B.28)
where the gauge parameter Λ(Λ¯) is a (anti-)chiral multiplet.
The equations of motion for L are given by
L = S0e
−gVR S¯0
(S + S¯)1/3
. (B.29)
Below, we fix the conformal gauge by choosing the lowest components s0 and s¯0
of S0 and S¯0 as s0s¯0 = l
2
3 (see equation (B.43)), so that the lowest components
of equation (B.29) reads
l = 1
s+ s¯ . (B.30)
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If one substitutes equation (B.29) back into the Lagrangian (B.25), one retrieves
L =
[
−32S0e
−gVR S¯0(S + S¯ + cVR)2/3
]
D
+
[
S30W (S)
]
F
+
[
fW2]
F
+ h.c., (B.31)
which corresponds to a theory with Kähler potential K = −2 log (S + S¯), a
superpotential W (S) and a gauged (shift) R-symmetry in the old minimal
formalism.
We are now ready to derive the analogue of the Lagrangian (B.18) in supergravity
and confirm that the propagating degrees of freedom are still two real scalars
and a Majorana fermion, as was the case in rigid supersymmetry.
To obtain the theory in terms of the superfield L, we use the following identity
which is proven in section B.3[
L(S + S¯)
]
D
= [T (L)S]F + h.c., (B.32)
where T is the chiral projection operator. In global supersymmetry, the chiral
projection is in superspace the operator D¯2, where D¯α˙ is defined in equation
(B.2). In supergravity one can only define such an operator T on a real multiplet
with Weyl weight w and chiral weight c given by (w, c) = (2, 0). Consider now
a real multiplet L with components L = (l, χ, Z, va, λ,D), where a from now
on is used to indicate a flat frame index, related to a curved Lorentz index µ by
va = e µa vµ. Since a chiral multiplet Σ can be defined by its lowest component,
we define the chiral projection of L via the operator T as a chiral multiplet with
lowest component −Z¯
T (L) : L (2, 0) −→ Σ(L) = T (L), (w, c) = (3, 3). (B.33)
In global supersymmetry, this definition of the chiral projection operator T (L)
would correspond to T (L) = − 14D¯2L.
By using the relation (B.32), one can now calculate the equation of motion for
S
S = 1
b
log
(
T (L)
abS30
)
, (B.34)
and insert this back into the original Lagrangian (B.25) to obtain
L =
[
−12
(
S0e
−gVR S¯0
)3
L−2
]
D
− [cLVR]D
+ 1
b
[
T (L)− T (L) log
(
T (L)
abS30
)]
F
+
[
fW2]
F
+ h.c. (B.35)
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Below, it is shown that apart from the obvious extra fields compared to global
supersymmetry, namely the graviton, the gravitino, a gauge boson and a
gaugino1, this theory does not contain any additional degrees of freedom and
the (non-gravitational) spectrum can be described in terms of two real scalars l
and w, where w is defined as Z = ρeiw, and a Majorana fermion χ.
We now look for a component expression of the Lagrangian (B.35). Since we
are interested in comparing the F-term scalar potential of the above theory, we
will from now on neglect the vector multiplet VR putting g = c = f = 0. The
components of the real multiplet L are given by L = (l, χ, Z, va, λ,D), while the
components of the (auxiliary) chiral multiplet are given by S0 = (s0, PLζ, F ),
where PL(R) is the left-handed (right-handed) projection operator. The Weyl
and chiral weights of the Z-component of a real linear multiplet are given
by (w, c) = (w + 1,−3). Since the lowest component of a chiral multiplet
must satisfy w = c for the superconformal algebra to close, it is clear that
the operation T (L), given by equation (B.33), can only be defined on a real
multiplet with w = 2, so that Z¯ has weights (w, c) = (3, 3) and can thus be used
as lowest component of a chiral multiplet. This agrees with the assumption
that L has Weyl weight 2. The auxiliary field S0 is chosen to have weight 1.
The chiral multiplet obtained by the projection operator T has components
T (L) = (−Z¯,−√2iPL
(
λ+ Dχ
)
, D + DaDal + iDava), where the covariant
derivatives are given by
Dal = ∂al − 2Bal − 12 iψ¯aγ∗χ,
Davb = ∂avb − 3Bavb + 12 ψ¯a (γbλ+Dbχ)−
3
2 ϕ¯aγbχ,
DaPLχ =
(
∂a +
1
4ω
bc
a γbc −
5
2Ba +
3
2 iAa
)
χ
− 12PL
(
iZ − v − i Dl
)
ψa + 2ilPLϕa, (B.36)
where ψµ is the gravitino, ϕµ is the gauge field corresponding to the conformal
supercharge S, Bµ is the gauge field of dilatations and Aµ is the gauge field of
the T-symmetry (which is the U(1) R-symmetry of the superconformal algebra).
1Actually, a linear combination of the two 2-component fermions present in this model is
the Goldstino which will be eaten by the gravitino according to the super-BEH mechanism,
see section 4.2.2.
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To obtain a real multiplet from a real function φ(s, s¯) of chiral superfields
(s, ζL, F ) and their anti-chiral counterparts, we use [130](
φ(s, s¯);−
√
2iφsζL;−2φsF + φssζ¯LζL; iφs∂as− iφs¯∂as¯+ iφss¯ζ¯LγaζR;
−
√
2iφss¯FζR +
√
2iφss¯∂s¯ζL +
i√
2
φsss¯ζR · ζ¯LζL;
φss¯
[
2FF¯ − 2∂as∂as¯− ∂aζ¯LγaζR + ζ¯L∂ζR
]− φsss¯ [ζ¯LζLF¯ + ζ¯L∂sζR]
−φss¯s¯
[
ζ¯RζRF + ζ¯R∂s¯ζL
]
+ φsss¯s¯2 ζ¯LζL · ζ¯RζR
)
, (B.37)
where φs = ∂φ∂s , φs¯ =
∂φ
∂s¯ , etc. To obtain a real superfield from a function f(C)
of real multiplets with components Ci, χLi, Zi, vai, λRi, Di we use(
f(C); f iχLi; f iZi − 12f
ijχ¯LiχLj ; f ivai +
i
2f
ijχ¯LiγaχRj ;
f iλRi +
1
2PL
[
Zi − ivi − ∂Ci
]
χj − 14f
ijkχRi · χ¯LjχLk;
f iDi − 12f
ij
[
2χ¯iλj − ZiZ¯j + vaivaj + ∂aCi∂aCj − (∂aχ¯Li) γaχRj + χ¯Li∂χRj
]
−14f
ijk
[
χ¯LiZ¯jχLk + χ¯RiZjχRk + 2iχ¯ivjχk
]
+ 18f
ijklχ¯LiχLj · χ¯RkχRl
)
.
We are now ready to write down the (non-gauge) bosonic part of the Lagrangian
(B.35) as
L/e = 12(s0s¯0)
3l−2R+ (s0s¯0)3l−3D +
3
2(s0s¯0)
3l−4vµvµ
− 1
b
log
(
ρ2
a2b2(s0s¯0)3
)
D + 1
b
2vµ∂µw + Lkin − VF , (B.38)
where we used that
l = DaDal = ∂a∂al − 13 lR (B.39)
to rewrite a term involving l in the third term in (B.35). The scalar field w is
defined as
Z = ρeiw, (B.40)
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and it will turn out that this field inherits the gauged shift symmetry. Lkin and
VF in equation (B.38) are given by
Lkin = 3(s0s¯0)2l−2∂µs0∂µs¯0 + 32(s0s¯0)l
−2∂µ(s0s¯0)∂µ(s0s¯0)
− 3(s0s¯0)2l−3∂µl∂µ(s0s¯0) + 32(s0s¯0)
3l−4∂µl∂µl −
(s0s0
l
)3
∂µ∂µl,
VF = 9(s0s¯0)2l−2FF¯ + 3(s0s¯0)2l−3
(
s¯0ZF¯ + s0Z¯F
)
+ 3ZF¯
bs¯0
+ 3 Z¯F
bs0
+ 32(s0s¯0)
3l−4ZZ¯
=− ρ
2
(s0s¯0)3
l2
(
1
b
+ (s0s¯0)2l−3
)2
+ 32ρ
2(s0s¯0)3l−4, (B.41)
where we solved the equations of motion of the auxiliary field F and used
equation (B.40) to go from the first to the second line of VF . On the other
hand, the equations of motion for D and vµ are given by
ρ2 = a2b2(s0s¯0)3eb(
s0s¯0
l )3 ,
(s0s¯0)3l−4vµ = − 23b∂µw. (B.42)
We now fix the conformal gauge as
(s0s¯0)3 = l2 (B.43)
to obtain a correctly normalized Einstein-Hilbert term. Upon this choice Lkin
reduces to Lkin = − 12 1l2 ∂µl∂µl and we obtain the final result
L = 12R−
1
2
1
l2
∂µl∂µl − 23b2 ∂
µw∂µw − VF , (B.44)
with
VF = a2e bl
(
b2
2 − 2bl − l
2
)
. (B.45)
Upon substituting the relation (B.30), one indeed finds the correct F-term scalar
potential computed with the chiral formulation (see equation (4.24)), namely
VF = a2eb(s+s¯)
(
b2
2 −
2b
s+ s¯ −
1
(s+ s¯)2
)
. (B.46)
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In order to obtain a tunable dS vacuum (see section 4.2.2), one has to extend the
above formalism to include a linear gauge kinetic function f(s). By following
the same method as above, but by including an extra term[
βSW2]
F
+ h.c., (B.47)
which contains the gauge kinetic terms of VR with gauge kinetic function
f(S) = βS + γ to the Lagrangian (B.25), one finds that the result (B.35) is still
valid upon the substitution
T (L) −→ T (L)− βW2. (B.48)
The theory dual to the one described in section 4.2.2 is given by
L =
[
−12
(
S0e
−gVR S¯0
)3
L−2
]
D
− [cLVR]D
+ 1
b
[(
T (L)− βW2)− (T (L)− βW2) log(T (L)− βW2
abS30
)]
F
+ h.c.
+
[
γW2]
F
+ h.c.. (B.49)
B.3 Proof of an important identity
In this Appendix we prove equation (B.32), repeated here for convenience[
L(S + S¯)
]
D
= [T (L)S]F + h.c.. (B.50)
To do this, we calculate both sides in components and see that they coincide. It
is sufficient to show this only for the bosonic terms. If the (bosonic) components
of the chiral multiplet S are given by (s, 0, F ) and the (bosonic) components of
the real multiplet L are given by (l ; 0 ;Z ; vµ ; 0 ;D ), then the components of
S + S¯ can be calculated using (B.37)
S + S¯ =
(
s+ s¯ ; 0 ;−2(F + F¯ ) ; i∂µ(s− s¯) ; 0 ; 0
)
. (B.51)
The chiral multiplet T (L) is defined as a chiral multiplet with lowest component
−Z¯ and has components
T (L) = (−Z¯ ; 0 ;D +l + iDµvµ ). (B.52)
The left-hand side of equation (B.50) can be written in components by using
equations (B.37) and (B.27) (neglecting all terms involving fermions)[
L(S + S¯)
]
D
=− 13 l(s+ s¯)R+ (s+ s¯)D − Z¯F − ZF¯
− ivµ∂µ(s− s¯)− ∂µ∂µ(s+ s¯). (B.53)
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Similarly, by using equation (B.37), [T (L)S]F can be written in components as
[T (L)S]F = −Z¯F + sD + sl + is∂µvµ. (B.54)
The right-hand side is thus given by
[T (L)S]F + h.c. = −Z¯F − ZF¯ + (s+ s¯)D + (s+ s¯)l + i(s+ s¯)∂µvµ.
The equality (B.50) is then proven by using equation (B.39) for l and then
partially integrating the last two terms.

Appendix C
R-symmetries and anomalies
In rigid supersymmetry, the Lagrangian of the model in eqs. (4.13) is given by
L = [K(S + S¯)]
D
+
(
[W (S)]F +
[
f(S)W2]
F
+ h.c.
)
. (C.1)
Here, S = (s, χ, F ) is the dilaton multiplet and the operations [ ]F and [ ]D are
defined in eqs. (B.26) and (B.27) respectively. The Kähler potential K(S+ S¯) is
given by eq. (4.3), the superpotential is given by eq. (4.4), and the gauge kinetic
function is given by eq. (4.8), summarized here for convenience of the reader
K = −κ−2p log(s+ s¯),
W = κ−3aebs,
fR(s) = γ + βRs. (C.2)
The subscript R is explicitly written to distinguish the gauge kinetic function
corresponding to U(1)R from the gauge kinetic functions of the Standard Model
gauge groups.
In eq. (C.1), W2 is the multiplet whose scalar component is λ¯PLλ, where λ
is the R-gaugino. For example, the last term in eq. (C.1) contains the U(1)R
kinetic terms, given by
L ⊃ −14Re(f(s))FµνF
µν + 18 Im(f(s))
µνρσFµνFµν . (C.3)
Since the superpotential transforms under the shift symmetry eq. (4.1), this
cannot be a gauge symmetry in a rigid supersymmetric theory (in contrast with
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supergravity). However, it can be considered as a global R-symmetry. When
s→ s− ic, the superpotential transforms as
W (s)→W (s)e−ibc. (C.4)
It follows that under this global symmetry, the chiral fermions and gauginos
transform as1
PLχ→ PLχeibc/2,
PLλ→ PLλe−ibc/2, (C.6)
Respectively. With ξ = bc, the R-charges of the chiral fermions, the gauginos
and the gravitino2 in the theory are then given by
Rχ = Q+ ξ/2,
Rλ = −ξ/2,
R3/2 = −ξ/2, (C.7)
where we included a superfield charge Q for the chiral multiplets (see eq. (5.2)).
This implies that the components of a matter multiplet (z, χ, F ) carry a charge
Rz = Q, Rχ = Q+ ξ/2 and RF = Q+ ξ respectively. The scalar component of
the dilaton multiplet transforms as a shift under U(1)R, and has therefore a
vanishing charge Q.
Even though an R-symmetry can not be gauged in a rigid supersymmetric
theory, since the R-symmetry generator does not commute with supersymmetry
1This can be more intuitively seen in the superfield formalism, where the Lagrangian
contains a term
L ⊃
∫
d2θW (S). (C.5)
Since the superpotential transforms as (C.4), dθ should transform as dθ → dθeibc/2 such that
the Lagrangian remains invariant. The Grassmann variable then transforms as θ → θe−ibc/2.
In the conventions of [60], a chiral superfield is given by Φ = C+
√
2θχ+ θ2F . To compensate
for the transformation of θ, the component fields should transform as C → C, χ→ χeibc/2 and
F → Feibc. In a gauge multiplet however, the gauge boson appears as the term proportional
to θθ¯ and the D-component field appears proportional to θ2θ¯2. They are therefore invariant
under the global R-symmetry. Finally the gaugino, appearing in a vector superfield as the field
proportional to θ¯2θ, has a transformation with opposite sign to the chiral fermions λ→ λ−ibc.
2Although the gravitino does not appear in the spectrum of a rigid supersymmetric theory,
its contribution to the anomalies should be taken into account in section 5.1. It can be seen
from eqs. (5.6) that the R-charge of the gravitino is the same as that of a gaugino. The
contributions of the gravitino to the cubic anomaly and the mixed gravitational anomaly are
discussed in [110].
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(see eq. 2.16), we continue by analyzing the anomalous contributions to the
Lagrangian originating from a gauge symmetry under which the fermions carry
a charge given by eqs. (C.7).
We now define
CAδab = TrA
[
Rχ(τaτ b)A
]
+ TGδabRλ, (C.8)
CR = Tr
[
R3χ
]
+ nλR3λ + 3R33/2, (C.9)
where CA denotes the mixed anomaly of U(1)R with the Standard Model gauge
groups A = U(1)Y , SU(2)L, SU(3). In eq. (C.8), one has TGδab = facdf bcd,
with TG = N for SU(N) and 0 for U(1). TrR(τaτ b) = δabTR is the trace
over irreducible representations. The contribution of the gravitino to the cubic
anomaly is three times that of a gaugino [110].
The anomalous U(1)R generates a cubic anomaly. As a result, the variation of
the Lagrangian does not vanish. Instead, it is given by
δL1-loop = − (1/3)CRθ32pi2 
µνρσFµνFρσ. (C.10)
This anomaly can however be canceled by a Green-Schwarz mechanism (see
eqs. (4.9) and (4.11)). Cancellation of δLGS + δL1-loop = 0 gives3
βRc = − CR12pi2 . (C.11)
This anomaly cancellation condition is to be compared with the result in
eq. (5.10). Similarly, we have for the mixed anomalies (U(1)R times Standard
Model gauge groups)
βAc = − CA4pi2 . (C.12)
Regarding the mixed gravitational anomaly, one has
δL1-loop = −iθ Cgrav384pi2RµνR˜
µν , (C.13)
where
Cgrav = Tr[Rχ] + nλRλ + (−21)R3/2. (C.14)
3The presence of Generalized Chern-Simons (GCS) terms [111–113] is assumed in eqs. (C.11)
and (C.12). Note that there is an additional symmetry factor 1/3 for the cubic anomaly.
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Here it was used that the contribution of the gravitino is (−21) times the
contribution of a gaugino [110]. We assume that an (unknown) UV-completion
of the theory cancels this anomaly due to a term in the Lagrangian
Lgrav = iβgrav Im(s)4 RµνR˜
µν . (C.15)
The anomaly is canceled δL1-loop + δLgrav = 0 if
Cgrav = 96pi2βgravc. (C.16)
This indeed agrees with eqs. (5.11) for βgrav = bgrav/12pi2.
Appendix D
Comments the case with
p = 1 and non-zero β
D.1 On the small value of β
In this Appendix we first demonstrate how tunable dS vacua can be found for
the model (7.17) for a general β. In section 7.2 it was assumed that β  1.
Here, we show that the anomaly cancellation conditions indeed force β to be
very small.
If β is not neglected, the D-term contribution to the scalar potential is given by
VD = 12 + βb(s+ s¯)
(
κ−2bc− κ
−2c
s+ s¯ − qαϕαϕ¯α
)2
. (D.1)
The solution to ∂V = V = 0 gives
(α− 1)2 (α2 − 2)+ (βα(α− 1)2 + βα − 2
)(−3 + (α− 1)2) = 0. (D.2)
For β = 0, this gives indeed α ≈ −0.233, in agreement with equation (4.20).
For other values of β the result is plotted in figure D.1. The relation between
the parameters to obtain a vanishing cosmological constant becomes
bc2
a2
= −αe
α(2 + βα)(−3 + (α− 1)2)
(α− 1)2 = A(α, β). (D.3)
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Figure D.1: The solutions to eq. (D.2) are plotted with α as a function of β.
Although up to four (complex) solutions can exist for every β, only a single
solution satisfies α < 0 (to ensure a negative b) and A(α, β) < 0 to satisfy
eq. (D.3). Only positive β is plotted since the positivity is required to satisfy
the anomaly cancellation conditions (see below).
One concludes that for every (finite) β the vacuum is tunable. The gravitino
mass eq. (7.21) is repeated here for convenience of the reader
m3/2 = κ−1aeα/2
√
b
α
.
The scalar soft mass squared and the trilinear couplings are given by
m20 = m23/2(σs + 1) + κ−2
qαbc
1 + βα/2
1− α
α
,
A0 = m3/2 ρs,
ρs = −1 + (α− 1) (α− 1 + P (α, β)ξ) ,
P (α, β) = 2αe
α(σs + 1)
(α− 1)A(α, β)
(
1 + βα2
)
. (D.4)
The relations (D.3) can be written as
bc = −κm3/2e−α/2
√
αA(α, β), (D.5)
which are used to write the scalar soft mass squared as
m20 = m23/2(σs + 1) +m3/2κ−1qα Q(α, β),
Q(α, β) = α− 1
α
e−α/2
√
αA(α, β)
1 + βα/2 . (D.6)
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To avoid tachyonic masses, the charges of the MSSM fields should satisfy
qα > q0 = −κm3/2 σs + 1
Q(α, β) . (D.7)
Next, the anomaly cancellation conditions (see eqs. (7.30)) for the cubic anomaly
give
β = −f(θ, θL, θQ)q
3
12pi2bc
= f(θ, θL, θQ)ξ3(κm3/2)2g(α, β), (D.8)
where eqs. (D.5) and (D.7) were used, and
g(α, β) = − e
α/2(σs + 1)3
12pi2Q(α, β)3
√
αA(α, β)
. (D.9)
From eq. (7.29) it follows that 9.47 ≤ f(θ, θL, θQ) ≤ 91, for all θ, θL, θQ ∈ ]0, 1[,
such that β > 0 from eq. (D.8). From figure D.2, where P (α, β) is plotted as
a function of β, it follows that the trilinear coupling A0 has only a very slight
dependence on β. We can therefore assume ξ < O(10) (as in section 7.2) since
otherwise the trilinear coupling A0 would be too large to allow for a realistic
electroweak vacuum.
In figure D.3, g(α, β) is plotted as a function of β. As is shown, we can
approximate g(α, β) by a linear function of β (In fact, g0(β) is also plotted in
figure D.3 and completely overlaps with the actual function g(α, β))
g(α, β) ≈ g0(β) = g(0) + ω β, (D.10)
where
g(0) = 0.0005618,
ω = 0.002003. (D.11)
For a given m3/2, ξ and f(θ, θL, θQ), one can then solve
β = f(θ, θL, θQ)ξ3(κm3/2)2g0(β),
to find
β = g(0)1/A− ω , (D.12)
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where
A = f(θ, θL, θQ)ξ3(κm3/2)2. (D.13)
For ξ < 10, m3/2 < 40 TeV and f(θ, θL, θQ) < 91, this corresponds to β .
O(10−26). Note that for small β one can approximate eq. (D.12) by β . g(0)A
which leads to the same result.
We conclude that the anomaly cancellation condition can only be satisfied for
very small β.
D.2 On the inconsistency of γ = 0
In this Appendix we address the tunability of the scalar potential (4.12) for
where p = 1, γ = 0 and non-zero β. In this case, the constraints ∂V = V = 0
give
(α− 1)2 (α2 − 2)+ (α− 3) (−3 + (α− 1)2) = 0. (D.14)
The real and negative solutions to this equation are α ≈ −2.47 and α ≈ −0.39.
The first solution however is inconsistent since 〈σs〉 > 0, while the F-term
contribution to the scalar potential, which is at the minimum of the potential
given by VF = κ−4|a|2 eα〈s+s¯〉σs, should be negative.
Indeed, a vanishing cosmological constant can be found when b〈s+ s¯〉 = α ≈
−0.39, while the other parameters are related by
b2c2
βa2
= −α
2eα(−3 + (α− 1)2)
(α− 1)2 ≈ 0.057. (D.15)
However, due to the presence of a Green-Schwarz contribution (4.9) because of
the gauge kinetic function which is linear in s, the model is not gauge invariant.
One could argue that this can be solved by introducing an extra field z which
is charged under the U(1), where its charge is carefully chosen such that its
anomalous contribution to the variation of the Lagrangian cancels the Green-
Schwarz contribution (4.11). However, an argument similar to the one presented
in section 5.2 for p = 2 shows that this is inconsistent.
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Figure D.2: A plot of P (α, β) given by eq. (D.4) as a function of β, where α
and β are solutions of eq. (D.2). It follows that the trilinear coupling A0 (as
a function of ξ) has only a very small dependence on β. One should therefore
focus on ξ . 10 (as in section 7.2) since otherwise |A0| becomes too large to
allow for a viable electroweak vacuum.
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Figure D.3: In blue: A plot of g(α, β) given by eq. (D.9) as a function of β,
where α and β are solutions of eq. (D.2). The approximation g0(β) given by
eq. (D.10) is plotted in purple.
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